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1.1.  Backgrounds 
Organic electronics such as organic light-emitting diodes (OLEDs) and organic solar cells 
(OSCs) consisting of organic semiconductor films have attractive features such as lightweight 
property, flexibility, and low cost productivity not shared by electronics based on inorganic 
materials.  Therefore, the organic electronics are a promising new technology and have been 
studied energetically [1-59].  Study on electrical conductivity in organic compounds has been 
reported since early 1900s [1-4].  In 1950, Akamatsu and Inokuchi [5] reported the electrical 
conductivity of purified violanthrone, iso-violanthrone, and pyranthrone (Fig. 1.1).  The three 
materials are simple organic compounds, and the molecular structures of the materials are 
similar to those of recently-used materials in organic electronics.  Inokuchi also reported the 
electrical conductivity of other polycyclic aromatic compounds [6-8].  In 1954, Akamatsu et al. 
[9] found that a complex consisting of perylene (Fig. 1.1) and bromine have good 
Fig. 1.1.  Chemical structures of organic semiconductor materials: violanthrone, 
iso-violanthrone, pyranthrone, perylene. 
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electrical conductivity (1–10-3 Ω-1⋅cm-1).  Ten years later, Helfrich and Schneider reported 
electroluminescence (EL) of anthracene crystal (Fig. 1.2) from singlet excitons induced by 
injected positive and negative charges under high voltages (> 250 V) [11].  Vincett et al. 
decreased the driving voltage of EL by depositing an anthracene layer with the film thickness of 
600 nm, but still, the driving voltage was as high as 30 V [12].  In 1987, Tang and VanSlyke 
achieved a remarkable breakthrough for OLEDs.  The device was composed of amorphous 
thin-film bilayers; a hole-transport material, 1,1-bis[(di-4-tolylamino)phenyl]cyclohexane 
(TAPC, Fig. 1.2), and a bifunctional electron-transport and light-emitting material, 
tris(8-hydroxyquinoline) aluminum(III) (Alq3).  The device with the total thickness of 135 nm 
provided brightness over 1000 cd/m2 with the driving voltage below 10 V [14].  In 1988, 
Adachi et al. proposed a three-layered structure, consisting of a hole-transport material 
Fig. 1.2.  Chemical structures of organic semiconductor materials: anthracene, 
1,1-bis[(di-4-tolylamino)phenyl]cyclohexane (TAPC), tris(8-hydroxyquinoline) 
aluminum(III) (Alq3), N,N’-diphenyl-N,N’-di(m-tolyl)benzidine (TPD), coronene, and 
perylene-3,4,9,10-tetracarboxyl-bis-benzimidazole (Im-PTC). 
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(N,N’-diphenyl-N,N’-di(m-tolyl)benzidine, TPD), a light-emitting material (anthracene, 
coronene, or perylene), and an electron-transport material (perylene-3,4,9,10-tetracarboxyl-
bis-benzimidazole, Im-PTC) [15].  The chemical structures of the materials are shown in 
Fig.1.2. 
On OSCs, Kearns and Calvin reported a photovoltaic effect in organic systems composed 
of magnesium phthalocyanine (MgPc, Fig. 1.3) disks coated with a thin film of air-oxidized 
tetramethyl p-phenylenediamine (TMPD) in 1958 [10].  In 1986, Tang fabricated a OSC with 
power conversion efficiency (PCE) of about 1 %, which has a two-layered thin films composed 
of a copper phthalocyanine (CuPc, Fig. 1.3) and the Im-PTC, by vacuum-deposition [13].  The 
device structure was followed by a new type of three-layered cells, consisting of an n-type 
pigment (Im-PTC or Me-PTC in Figs. 1.2 and 1.3, respectively), an interlayer (co-deposition of 
a PTC derivative and phthalocyanine, H2Pc, in Fig. 1.3), and a p-type pigment (H2Pc), proposed 
by Hiramoto et al. in 1991 [19].  In 1995, Yu et al. reported a bulk-heterojunction (BHJ) OSC 
composed of a π-conjugated polymer and a fullerene derivative [21].  This polymer-based BHJ 
OSC has been widely studied because of the high performances and easy wet-fabrication 
Fig. 1.3.  Chemical structures of organic semiconductor materials: phthalocyanine 
derivatives (MgPc, CuPc, H2Pc), tetramethyl p-phenylenediamine (TMPD), and N-methyl- 
3,4,9,10-perylenetetracarboxyl-diimide (Me-PTC). 
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processes [32,33,39,43,47-49,52,56,57].  As shown above, performances of organic electronics 
have been developed steadily by investigations not only of organic semiconductor materials but 
also of device structures. 
In organic electronics, charges are transferred through intermolecular orbital overlaps by 
hopping mechanism [60-62]. 
MA + MB+ → MA+ + MB                                                     (1.1) 
MA + MB− → MA− + MB                                                     (1.2) 
According to Marcus theory, the rate constant, kCT, for intermolecular hopping charge-transfer 



























14 222 ,                               (1.3) 
where HAB is the charge transfer integral, λ is the reorganization energy, and ΔGif is the free 
energy difference between the initial and final states.  The T, h and kB are the temperature, the 
Planck constant, and the Boltzmann constant, respectively.  When the molecules MA and MB in 




















π .                                    (1.4) 
According to Eq. 1.4, the charge-transfer rate constant is a function of the charge transfer 
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integral and the reorganization energy at a given temperature, and it is expected that the intra- 
and intermolecular structures in organic thin films are closely related to the hole/electron 
transporting property.  Therefore, it is important to clarify the structures in order to understand 
the device performances. 
Wide angle X-ray diffraction (WAXD) experiment is a representative method to analyze 
structures of materials.  However, the structural analysis in organic materials is often difficult, 
when the materials have structural disorders.  In addition, materials for organic electronics are 
mostly composed of carbon, nitrogen, and oxygen atoms as shown in Fig. 1.1–1.3.  These 
atoms have similar atomic scattering factors and are difficult to distinguish with each other [63].  
Solid-state nuclear magnetic resonance (NMR) is a complementary tool to study structures of 
organic materials and has been used for the structural analysis of disordered and amorphous 
materials [64-71].  The application of solid-state NMR to organic semiconductors is also 
expected to be highly useful [71-75]. 
1.2.  Outline of This Thesis 
The aim of this thesis is to analyze the structures of materials in organic semiconductors 
mainly by solid-state NMR in order to understand the performance of organic semiconductors.  
The contents of this thesis are as follows. 
In Chapter 2, the local structure of Alq3 in three crystalline polymorphs, α-, γ-, and δ-Alq3, 
and melt-quenched amorphous Alq3 (amorphous-Alq3), are investigated by two-dimensional 
27Al multi-quantum magic-angle spinning (MQMAS) NMR experiments.  The MQMAS 
experiments, which expand one-dimensional MAS NMR spectrum along a new isotropic (ISO) 
axis, enable precise determination of quadrupolar and chemical shift parameters including the 
distributions [76, 77].  These parameters reflect local structures of respective samples and it is 
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found that the γ- and δ-Alq3 consist of the facial isomer with well-defined crystal structure, 
whereas the α- and amorphous-Alq3 consist of the meridional isomer with distributions of 
quadrupolar coupling constants.  It is also found that two distinct sites exist in α-Alq3. 
In Chapter 3, the effect of Alq3 crystalline polymorphs as source powders on OLED 
performance is investigated.  First, the temperature change in the crystalline forms of α-Alq3
and δ-Alq3 is investigated by WAXD experiments in a vacuum.  It is found that α-Alq3 remains 
in α-form up to 300 °C, immediately before sublimation.  In contrast, δ-Alq3 is found to 
transform into γ-form at ~180 °C, and remain in γ-form up to 300 °C, immediately before 
sublimation.  Both δ-Alq3 and γ-Alq3 are composed of facial isomers and emit blue 
photoluminescence (PL), which is different from the typical green emissions of α-Alq3.  
Second, OLEDs are fabricated from different Alq3 crystals as source powders; i.e., from 1) 
α-Alq3, 2) δ-Alq3, and 3) a mixture of α-, γ-, and δ-Alq3.  All the OLEDs exhibit green 
electroluminescence (EL) with almost the same maximum wavelength, although the δ-Alq3
source powder shows blue PL emission.  This suggests that some facial isomers become 
meridional during the vacuum evaporation process.  In contrast, EL efficiency depends on the 
Alq3 crystalline polymorph; the OLED fabricated from the mixture of α-, γ-, and δ-Alq3 has up 
to 1.4 times the EL efficiency of the OLED fabricated from α-Alq3 for the same device 
structure. 
In Chapter 4, sensitivity enhancements in solid-state NMR spectra of organic thin-film 
semiconductors by paramagnetic dopant layers are investigated.  One reason for low sensitivity 
of NMR is the slow relaxation process of nuclear spin systems, which is determined by the 
longitudinal relaxation time (T1).  To overcome this issue, paramagnetic relaxation reagents 
have been often used to reduce T1 relaxation time in solution NMR [78-82].  On the other hand, 
a paramagnetic dopant is less effective in solid-state NMR.  In solid samples, nuclei, which are 
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close to paramagnetic species, show significant line-broadening because of dipolar shift and 
paramagnetic relaxation.  By contrast, nuclei, which are distant from paramagnetic centers, 
show almost no reduction of their T1 relaxation time.  These are the reasons why only a small 
number of solid-state NMR studies have been reported [83-85].  In this chapter, the sensitivity 
enhancement in solid-state NMR of organic thin-film semiconductor samples by paramagnetic 
dopant layers assisted by 1H–1H spin diffusion is reported.  It is found that a vacuum-deposited 
paramagnetic dopant, CuPc (Fig. 1.3), on a phenyldipyrenylphosphine oxide (POPy2) films 
effectively reduces 1H T1 relaxation time of POPy2 films by using H–1H spin diffusion, enabling 
faster repetition of NMR measurements.  When the thickness of the POPy2 films is between 50 
and 100 nm, 1H spins are well polarized by 1H–1H spin diffusion, giving the maximum 
sensitivity without harmful effects such as paramagnetic shift, broadening, and quenching of 
cross-polarization (CP)/MAS signals.  The binary films consisting of CuPc and POPy2 show a 
threefold reduction of the NMR measurement time. 
In chapter 5, the influence of formation conditions of a self-assembled monolayer (SAM) 
on ITO on the device performance of OLEDs is investigated.  Pentyltriethoxysilane (PTES) 
and tetrahydrofuran (THF) were used as a surface modifier and a solvent, respectively.  The 
immobilization of PTES on the ITO substrate was performed under both the acidic and basic 
conditions with various H2O/PTES ratios, r.  The relationship between the resultant SAM 
structure and the hole-injection property was investigated by using hole only devices (HODs) 
fabricated on the SAM-modified ITO substrates.  It was found that the catalytic condition, the 
value of r, and the concentration of PTES in THF, CPTES, highly influence the structure of SAM, 
and thus affect the hole-injection property of the HOD.  The SAM formation under the acidic 
conditions allows homogeneous coverage of a silane layer on the ITO surface, which leads to 
the improved hole-injection from the anode.  On the other hand, the use of basic catalysts 
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results in the inhomogeneous coverage of a silane layer on the ITO surface and the decreased 
hole-injection from the anode.  The choice of r and CPTES also affect the kinetics of hydrolysis 
and condensation reactions of PTES, and hence affect the resultant SAM structure and 
hole-injection property.  The results obtained here show that the device performance can be 
improved drastically by choosing the SAM formation conditions appropriately. 
In chapter 6, the origin of the improvement in PCE by the thermal annealing of BHJ OSCs, 
based on regioregular poly(3-hexylthiophene-2,5-diyl) (rrP3HT) and [6,6]-phenyl-C61-butyric 
acid methyl ester (PC61BM), is analyzed by solid-state NMR.  Photoelectric conversion occurs 
via generation of excitons through the absorption of light, diffusion of excitons toward 
donor/acceptor interfaces, charge separation at the interfaces and formation of free carriers (hole 
and electrons), and transport of free carriers toward electrodes.  These processes occur at 
different size scales.  Therefore, the analysis of the donor-acceptor structures at hierarchical 
levels is important to understand the device performance.  1H spin-lattice relaxation 
experiments in the rotating frame (T1ρH) and the laboratory frame (T1H) in solid-state NMR 
reveal miscibility on the order of several nanometers and that of several tens of nanometers, 
respectively.  T1ρH experiments show that rrP3HT and PC61BM are already phase-separated in 
nonannealed sample on the order of several nanometers.  The structures in this size scale do 
not change significantly with annealing.  In contrast, it is found from T1H experiments that the 
phase-separated structure develops on the order of several tens of nanometers in 
rrP3HT/PC61BM blend films with thermal annealing at 150 ºC.  The increase of the PCE for 
OSCs from 0.7 % to nearly 3 % by annealing can be explained by the phase-separation. 
In Chapter 7, the effect of alkyl-side chain lengths of donor polymers on PCE of BHJ 
OSCs and the BHJ structures during isothermal annealing is investigated.  As donor polymers, 
regioregular poly(3-alkylthiophene-2,5-diyl) (rrP3AT) with butyl, hexyl, and dodecyl side-chain, 
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regioregular poly(3-butylthiophene-2,5-diyl) (rrP3BT), rrP3HT, and regioregular 
poly(3-dodecylthiophene-2,5-diyl) (rrP3DDT), were used.  For OSCs in the rrP3BT/PC61BM 
system, the PCE increases from 0.08 to 0.32 % by 5 min of annealing at 150 ºC.  The PCE 
remains unchanged by prolonged annealing up to 30 min.  However, the PCE is found to 
increase by further annealing; from 0.33 to 0.91 % by 45 min of annealing.  Different from the 
two stage increase of PCEs for the rrP3BT/PC61BM system, the rrP3HT/PC61BM system 
provides only one stage increase (from 0.38 to 2.18 % by 5 min of annealing).  The 
rrP3DDT/PC61BM system does not show any increase of PCEs; on the contrary, decrease from 
0.33 to 0.10 % by 5 min of annealing.  These changes of the PCEs mainly originate from the 
changes of a short-circuit current density.  To understand the above results, the structural 
changes in the BHJ layer of the three OSC systems are analyzed by WAXD, UV-vis absorption, 
and solid-state NMR measurements.  From these measurements, it is found that the structural 
ordering of rrP3AT and PC61BM, and the phase-separated structures between rrP3AT and 
PC61BM on the order of several tens of nanometers are crucial factors to determine the 
performance of BHJ OSCs. 
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Local Structure Analyses of Crystalline and Amorphous 
Tris(8-hydroxyquinoline) aluminum(III) (Alq3) by Solid-State 27Al 
MQMAS NMR Experiments

2.1.  Introduction 
Tris(8-hydroxyquinoline) aluminum(III) (Alq3) is a most successful material for organic 
light-emitting diodes (OLEDs), which plays dual roles as light-emitter and electron-transfer.  
The Alq3 is found to exist in two different isomers; facial and meridional (Fig. 2.1).  These 
different isomeric states are considered to be one of the important factors for the ability of 
light-emission and electron-transfer.  For example, the theoretical calculations show that the 
facial isomer of Alq3 is expected to exhibit blue-shifted photoluminescence compared to the 
meridional isomer [1,2]. 
So far, five crystalline polymorphs, α, β, γ, δ, and ε-Alq3, are found, in addition to the 
commonly-observed amorphous Alq3 (amo-Alq3) [3-9].  27Al one-dimensional (1D) NMR 
studies have been reported for these Alq3s [8,9].  The NMR spectra provide the asymmetry 
parameter η of quadrupolar interactions in 27Al nuclei, which reflect the local structures.
Fig. 2.1.  Two isomeric states of Alq3: facial and meridional. 
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The crude calculation was done with the point charge model in which the three point charges 
were located on the oxygen atoms; it was reported η = 0 for the facial isomer and η = 0.91 for 
the meridional isomer both in isolated molecules [8].  The density functional theory (DFT) 
calculations also exhibited η = 0.00 for the facial isomer and η = 0.72 for the meridional isomer 
both in isolated molecules [9].  Both the calculations resulted in the axially-symmetric 
interactions or a zero η for the facial isomer and the highly asymmetric interactions or a large η
value for the meridional isomer.  The experimental 27Al 1D NMR spectrum of γ-Alq3 was well 
reproduced by a single set of quadrupolar parameters with η = 0.00 [9].  For δ-Alq3, η was not 
zero but was a small value; Utz et al. [8] reported η = 0.12 and Kaji et al. [9] reported η = 0.24.  
The small discrepancies in the results of δ-Alq3 could be attributed to the contamination of 
δ-Alq3 with γ-Alq3 in the experiment by Utz et al., as can be seen in their powder X-ray 
diffraction pattern of δ-Alq3.  In either case, these small η values suggest that the γ- and δ-Alq3
are constituted by the facial isomer.  The non-zero value of η for δ-Alq3 is ascribed to the 
inter-molecular interactions of electronic charges [8,9].  On the other hand, the experimental 
spectra of α- and amo-Alq3 cannot be reproduced by using a single set of quadrupolar 
parameters [9,10].  This indicates that the quadrupolar parameters and/or chemical shift 
parameters are distributed due to the structural disorder.  Although the fine fitting cannot be 
achieved with a single parameter set, the resultant spectra show highly asymmetric quadrupolar 
interactions for both α- and amo-Alq3.  Utz et al. [10] reported that the NMR spectrum of 
α-Alq3 can be reproduced by a single set of quadrupolar parameter and that amo-Alq3 shows a 
distribution of the quadrupolar coupling constant  χ with a small amount of the facial isomer, by 
the detailed analysis of the 27Al 1D magic angle spinning (MAS) NMR spectrum.  However, 
the featureless character of the 27Al 1D MAS spectrum causes some ambiguity in determining 
quadrupolar parameters; α-Alq3 indeed has substantial distribution of quadrupolar parameter as 
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will be revealed in the present study.  The local disorder in α-Alq3 is also suggested from the 
X-ray diffraction experiments [3]. 
In this study, the analysis of the local structure in Alq3 by means of two-dimensional (2D) 
27Al multi-quantum (MQ) MAS NMR experiments was conducted.  The MQMAS experiments, 
which expand 1D MAS NMR spectrum along a new isotropic (ISO) axis, enable the precise 
determination of quadrupolar and chemical shift parameters [11,12].  The parameters obtained 
from the MQMAS experiments are further confirmed by 1D 27Al MAS NMR experiments at 
various magnetic fields.  The coexistence of meridional and facial isomers in amo-Alq3, which 
is important from the perspective of device performances, is also reported. 
2.2.  Experimental procedures 
2.2.1.  Samples 
Three crystalline Alq3 polymorphs of α, γ, and δ-forms, and one amo-Alq3 sample were 
used in this study.  These samples were prepared by previously reported procedures [7]. 
2.2.2.  27Al solid-state NMR experiments 
The NMR experiments were performed on a JEOL JNM-ECX400 spectrometer with the 
magnetic field of 9.4 T, JNM-ECA500 with 11.7 T, and JNM-ECA600 with 14.1 T, and a 
Chemagnetics Infinity-plus 400 spectrometer with 9.4 T.  4 mm cross-polarization MAS 
(CP/MAS) probes were used for all the experiments.  The 27Al chemical shifts were adjusted to 
an aqueous solution of 1M Al(NO3)3.  Continuous wave 1H decoupling with a radiofrequency 
(rf) strength of 78 kHz was applied during evolution and acquisition periods.  The 1D NMR 
spectra were recorded with a single pulse excitation of 0.2  μs to 1.0 μs under the magnetic field 
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of 9.4 T, 11.7 T, and 14.1 T.  The MQMAS spectra were observed under a magnetic field of 9.4 
T.  A split-t1 3Q sequence is used to obtain the triple-quantum MAS NMR spectra under a 
spinning frequency of 15.015 kHz [13].  27Al rf field strength of 167 kHz and 8 kHz were used 
for hard pulses and soft pulses, respectively, in the MQMAS experiments.  The pulse widths in 
MQMAS experiments were experimentally optimized to maximize the signal intensity at t1 = 0.  
The MQMAS spectra are displayed according to the unified representation proposed by 
Amoureux et al. [14,15]. 
2.2.3.  Numerical simulations 
The numerically calculated spectra were obtained by the home built C++ programs based 
on the GAMMA environment [16].  In order to obtain 1D/2D quadrupolar patterns for 
randomly oriented powder samples, powder averaging is required; the calculated spectra for 
various molecular orientations have to be co-add, even if the molecules have a uniform 
quadrupolar parameter.  The calculated spectra with 1000 pairs of REPULSION [16] set, 
which distributed uniformly over the unit sphere, were summed up for each powder patterns.  
When the distributions of quadrupolar parameters were included, further spectral summation 
was needed; the spectra with distribution of quadrupolar parameter were obtained by weighted 
summation of 80 powder-patterns.  A Lorenzian line broadening of 200 Hz was applied to the 
calculated spectra. 
2.3.  Results and discussion 
2.3.1.  27Al MQMAS NMR of γ- and δ-Alq3
Figure 2.2(a) and (b) show the 1H decoupled 27Al MAS NMR spectrum of γ- and δ-Alq3, 
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respectively.  As well known, the 27Al MAS NMR spectra exhibits broad powder patterns due 
to the second order quadrupolar broadening even if only a single site exits in the sample.  The 
spectra of γ- and δ-Alq3 exhibit powder patterns with horns near each edge of the powder 
patterns, which is characteristic of the powder pattern with small η values.  This result 
suggests that γ- and δ-Alq3 consist of the facial isomers. 
The second order quadrupolar broadening can be removed by the 2D MQMAS experiments. 
The MQMAS experiment provides a correlation between the usual MAS dimension 
(quadrupolar anisotropy (QA) axis) and an isotropic dimension (ISO axis).  The detailed 
description of MQMAS experiment was provided in Refs [11,12].  Here, we briefly explain 
spectral patterns obtained by MQMAS experiments.  In addition to the vertical ISO axis and 
the horizontal QA axis, two tilted axes, the chemical shift (CS) axis and the quadrupolar induced 
shift (QIS) axis, are often shown in MQMAS spectra for guide for eye (ex. Fig. 2.3).  If the 
sample has a single set of quadrupolar parameters, η and χ, and isotropic chemical shift, δcs, the 
slice along the ISO axis shows a sharp resonance and that along the QA axis shows a powder 
pattern which is identical to a typical 1D MAS NMR spectrum.  The peak position along the 
ISO axis is given by [14,15] 
QISCSISO 17























 [ppm],   (2.2) 
where δcs is the isotropic chemical shift, S is the spin quantum number, and  ν0 is the Larmor 
frequency.  Note that the resonance position along the ISO axis includes not only the isotropic 
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Fig. 2.2.  1H decoupled 27Al MAS NMR spectra of (a) γ-, (b) δ-, (c) α-, and (d) amo-Alq3
under a sample spinning frequency of 15.015 kHz.  The spectra were observed at 9.4 T. 
The asterisks indicate satellite transition lines. 
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chemical shift, δcs, but also the quadrupolar parameters, η and χ.  Therefore, eqs. (2.1) and 
(2.2) indicate that the distribution of quadrupolar and/or chemical shift parameters induces the 
spectral distribution in the ISO axis, resulting in a two dimensionally distributed powder pattern. 
When the quadrupolar parameter is distributed, the 2D spectra spread along the QIS axis.  In 
contrast, the 2D spectra spread along the CS axis, when the isotropic chemical shift is 
distributed. 
The left traces in Fig. 2.3(a) and (b) show the experimental 1H decoupled 27Al MQMAS 
spectra of γ- and δ-Alq3, respectively.  The gravity center of the signals of these Alq3s, 
consisting of facial isomers, appear at (QA, ISO) = (~20 ppm, 38 ppm) in the MQMAS spectra.  
The spectra exhibit sharp resonances in the ISO dimension, which is typically observed for a 
well-defined crystal sample with a single set of quadrupolar and chemical shift parameters.  
This clearly shows that γ- and δ-Alq3 have single quadrupolar and chemical shift parameters and 
thus an ordered structure.  We determined the χ, η, and δcs values by spectral simulations (right 
traces in Fig. 2.3).  The parameters thus obtained are listed in Table 2.1.  Note that the 1H 
decoupling greatly enhances the resolution of the 27Al MQMAS spectra, although the 1H 
decoupling does not much affect the lineshape of the 27Al 1D MAS NMR spectra under the 
present experimental condition (~15 kHz MAS).  This is because the MQ coherence is much 







Fig. 2.3.  Experimental (left) and simulated (right) 1H decoupled 27Al MQMAS spectra of 
(a) γ- and (b) δ-Alq3 under the magnetic field of 9.4 T.  The samples were spun with a 
spinning frequency of 15.015 kHz.  The CS and QIS axes are guide for eye.  The 
parameters used in the simulations are shown in Table 2.1. 
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Table 2.1.  Parameters used in calculating the spectra of α-, γ-, δ-, and amo-Alq3. 
δcs / ppm χ0 / MHz η +σ  / MHz −σ / MHz P
α1 31.0 5.5 0.70 0.20 0.25 0.33 
α1 30.5 6.4 0.84 0.15 0.35 0.67 
γ 31.3 4.90 0.00    
δ 31.0 4.84 0.22    
amorphous 30.5 7.0 0.9 0.4 0.8  
24 
2.3.2.  27Al MQMAS NMR of α- and amo-Alq3
Figure 2.2(c) and (d) show 1H decoupled 27Al MAS NMR spectra of α- and amo-Alq3, 
respectively.  Both the spectra exhibit the highest intensity near the center of the powder 
patterns, which means η > 0.5.  These experimental spectra could not be reproduced by any 
single set of quadrupolar parameters.  Introduction of distributions in quadrupolar/chemical 
shift parameters is necessary, which reflects some structural distributions in α- and amo-Alq3. 
Left traces of Fig. 2.4(a) and (b) show the experimental 1H decoupled 27Al MQMAS 
spectra of α- and amo-Alq3, respectively.  It is found that two dimensionally broadened signals 
both for α- and amo-Alq3 exist.  No signal was found at the area where the signals of γ- and 
δ-Alq3 appear.  It was also found that the 2D powder pattern in the MQMAS spectrum of the 
α-Alq3 is clearly different from that of the amo-Alq3, although the 1D MAS spectra are very 
similar to each other as shown in Fig. 2.2(c) and (d).  Two distinctly different sites are clearly 
observed in α-Alq3, which we refer to as α1- and α2-components in α-Alq3 as shown in Fig. 
2.4(a).  The powder patterns of the α1- and α2-components in the α-Alq3, and the amo-Alq3 are 
extended not along the CS axis but along the QIS axis.  This means that the broadening is 
caused by the distributions of quadrupolar parameter χ and/or η, neither by distribution of δcs
nor by rapid relaxation; rapid relaxation simply broadens the spectra along QA and ISO axis 
[13].  The calculation with the distribution of η values does not reproduce the experimental 
spectra at all.  We found that the calculated spectra provide excellent agreement with the 
experimental spectra, assuming a following asymmetric Gaussian distribution of the χ value: 



















Fig. 2.4.  Experimental (left) and simulated (right) 1H decoupled 27Al MQMAS spectra of 
(a) α- and (b) amo-Alq3 under the magnetic field of 9.4 T.  The samples were spun with a 
spinning frequency of 15.015 kHz.  The CS and QIS axes are guide for eye.  The 
















χχσχσ .      (4) 
The calculated α-Alq3 spectrum was obtained by adding the two sub-spectra for the α1-, 
α2-components, assuming the probability P1 for the α1-components and thus P2 = 1 - P1 for the 
α2-components.  Figure 2.4(a) (right) shows the best-fit simulated spectrum for α-Alq3, where 
the η values for the α1-, and α2-components are 0.70 and 0.84, respectively.  The simulated 
spectrum well agrees with the experimental spectrum.  The simulation of the MQMAS 
spectrum was also carried out for the amo-Alq3, assuming an asymmetric Gaussian distribution 
for the parameter, χ.  The best-fit 2D pattern for amo-Alq3 with η = 0.9 is shown in Fig. 2.4(b) 
(right).  The simulated spectrum provides the excellent agreement with the experimental 
spectrum.  All the parameters for α- and amo-Alq3 are summarized in Table 2.1. 
From the above analysis of the MQMAS spectra, we found that the α1-, α2-components in 
α-Alq3 and the amo-Alq3 show the η value larger than 0.7.  This result shows that both the α- 
and amo-Alq3 consist of the meridional isomer.  In Fig. 2.2, the 1D spectra of Alq3 which 
consists of the facial isomers (Fig. 2.2(a) and (b)) are not clearly separated from those of the 
meridional isomers (Fig. 2.2(c) and (d)).  Therefore, it has been difficult to estimate the 
amount of facial isomers in amo-Alq3 from the 1D spectrum.  On the other hand, in MQMAS 
spectra, the resonance lines for the α- and amo-Alq3 (meridional) appear at the ISO shift of > 41 
ppm (Fig. 2.4) and those for the γ- and δ-Alq3 (facial) appear at the ISO shift of 38 ppm (Fig. 
2.3).  Therefore, the resonance lines for the meridional and facial isomers can be clearly 
distinguished in the MQMAS spectra, which has been impossible in the 1D experiments.  Here, 
we estimated the amount of the facial isomers in amo-Alq3 from the MQMAS spectra.  
Qualitatively, judging from Fig. 2.4(b), the contribution of facial isomers was negligible or vary 
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small for amo-Alq3.  Comparing the experimental spectrum (Fig. 2.4(b)) with the summation 
of the calculated spectra for amo-Alq3 and γ- (or δ-) Alq3, we can conclude that an amount of 
the facial isomer in amo-Alq3 is less than 3%. 
2.3.3.  1D 27Al MAS NMR under various B0 fields 
We further confirm the parameters for α- and amo-Alq3 in Table 2.1 by observing 1D 27Al 
MAS NMR spectra under various B0 fields.  The lineshapes of 27Al MAS NMR spectra depend 
on the B0 field.  Variable B0 experiments strongly ensure the parameters in Table 2.1.  Figure 
2.5 shows the experimental and calculated 1D 27Al MAS NMR spectra of α- and amo-Alq3
observed under 9.4, 11.7 and 14.1 T.  The parameters in Table 2.1 were used to obtain the 
calculated spectra.  The calculated spectra well reproduce the experimental spectra.  This 
confirms the validity of the parameters in Table 2.1.  In the calculations of MQMAS spectra, 
we did not include the imperfection due to the quadrupolar parameter and molecular orientation 
dependence of multiple-quantum transfer efficiency [12].  Although this imperfection could 
account for the asymmetric distribution shown in Fig. 2.4, the calculated spectra with symmetric 
distribution of P(χ) do not reproduce the experimental 1D MAS NMR spectra.  Thus, we can 
clearly conclude that P(χ) is asymmetric. 
We note that low B0 field experiments are preferable for the present purpose to investigate 
the local structures.  This is against the common belief in the solid-state NMR field that the 
higher B0 field is preferable for the solid-state NMR experiments on quadrupolar nuclei.  As 
well known, the linewidths of 27Al MAS spectra decreases as the B0 field increases.  This 
feature is desirable in most cases.  However, in the present case, all the 27Al MAS and 
MQMAS spectra of α-, γ-, δ-, and amo-Alq3 provide sharp peaks at nearly identical positions 




Fig. 2.5.  Experimental (left) and calculated (right) 1H decoupled 27Al MAS NMR spectra 
of (a) α- and (b) amo-Alq3. 
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difference between these polymorphs is quadrupolar parameters.  Therefore, the distinction of 
isomeric states and the estimation of the structural distribution become difficult with increasing 
the B0 field.  
2.4.  Conclusions 
The local structure, including the structural distribution, of Alq3s in different crystalline and 
amorphous states have been investigated by 27Al 1D MAS NMR and 2D MQMAS experiments. 
By the MQMAS experiments, the resonance lines for Alq3s with the facial isomers and those 
with the meridional isomers could be clearly separated from each other, which are overlapped in 
the 27Al 1D MAS and 13C CP/MAS NMR spectra.  The isomeric states of γ- and δ-Alq3 (facial) 
and α- and amo-Alq3 (meridional) are confirmed from the asymmetry parameter η of 27Al 
quadrupolar interactions.  In addition, both the α- and amo-Alq3 exhibit large distribution of 
the quadrupolar coupling constant χ.  This is in sharp contrast to the γ- and δ-Alq3; both the 
spectra can be explained by a single quadrupolar parameter set without considering any 
distributions.  This indicates that the local structures are disordered for the α- and amo-Alq3, 
whereas those for the γ- and δ-Alq3 are well-defined.  The MQMAS experiments also exhibit 
that there are two distinctly different sites in α-Alq3.  This is clearly different from the local 
structure of amo-Alq3 consisting of a disordered single site.  The difference has not been 
observed in standard 27Al 1D MAS and 13C CP/MAS NMR spectra.  The facial isomer in 
amo-Alq3 is estimated less than 3%. 
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Preparation of Green- and Blue-Emitting Tris(8-hydroxyquinoline) 
aluminum(III) (Alq3) Crystalline Polymorphs and Application to 
Organic Light-Emitting Diodes 

3.1.  Introduction 
There has been increasing interest in organic light-emitting diodes (OLEDs) owing to their 
applications to ultra-thin flat panel displays and lighting.  Since Tang and VanSlyke used 
tris(8-hydroxyquinoline) aluminum(III) (Alq3) in double-layered OLEDs for the first time in 
1987 [1], this material has been widely and continuously used for OLEDs as a light-emitting 
and/or electron-transporting material.  In addition to intensive and extensive research on device 
fabrication using Alq3, relatively recently, there has been fundamental research on the crystal 
and amorphous structures of bulk Alq3 powders.  Studies on the crystal structures revealed that 
Alq3 has polymorphs [2-12], and the crystals in different polymorphs consist of Alq3 molecules 
in meridional or facial isomeric states, which possess C1 and C3 symmetries, respectively (Fig. 
3.1).  For deposited amorphous films, some researchers have suggested the coexistence of 
meridional and facial isomers [13-15].  The minor facial isomers are assumed to work as 
carrier traps in amorphous films in Ref. [14]. 
The performance of OLEDs is considered to be affected by device-fabrication processes, 
and various studies have been carried out to clarify the effects.  For example, the performance 
of OLEDs with Alq3 depends on the Alq3 deposition rate [16-21].  It has also been reported that 
the lifetime of an OLED can be improved by decreasing pressure in a vacuum chamber during 
the deposition, although the initial OLED performance does not change with a difference in 
pressure [22].  The purity of material is another important factor in OLED fabrication.  
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Normally-observed dispersive electron transport becomes nondispersive for Alq3 through 
repeated purification in train sublimation [15]. 
In this study, we investigated the effect of crystalline polymorphs as source powders for 
device fabrication.  First, temperature-dependent X-ray diffraction measurements and 
photoluminescence (PL) measurements were carried out for Alq3 with different crystalline 
polymorphs, namely 1) the α-form only, 2) the δ-form only, and 3) a mixture of α-, γ-, and 
δ-forms.  Next, OLEDs were fabricated from the three types of crystalline polymorphs as 
source powders.  The use of different crystal forms as the source powder is an interesting 
aspect of device fabrication that may affect OLED performance. 
3.2.  Experimental procedures 
3.2.1.  Sample preparations 
Alq3 used in this study was synthesized from aluminum isopropoxide and 
Fig. 3.1.  Two isomeric states of Alq3: meridional and facial.  The three ligands in the 
meridional isomer, labeled A, B, and C, are not equivalent while, those in the facial isomer 

















8-hydroxyquinoline (8-quinolinol) with a molar ratio of 1:3 and dried under vacuum overnight.  
The crude Alq3 thus obtained was purified in a temperature-gradient sublimation apparatus with 
a turbo-molecular pump under vacuum.  Alq3 in α-crystalline form (α-Alq3) was obtained via 
this sublimation process.  Alq3 in δ-crystalline form (δ-Alq3) was prepared as follows.  First, 
we put 170 mg of α-Alq3 powder in a precleaned and well-dried tube made of quartz glass.  
Second, the tube was sealed using a gas burner under vacuum created with an oil-sealed rotary 
vacuum pump through a cold trap (liquid N2).  Third, the α-Alq3 powder vacuum-encapsulated 
in the quartz glass tube was thermally annealed at 420 °C for 5 h, and then slowly cooled to 
room temperature.  This sample preparation procedure was different from our previous method 
[9,11].  By vacuum-encapsulating the sample in the quartz glass tube prior to thermal treatment, 
we avoid the degradation of the sample by oxygen and other substances.  The sample that was 
a mixture of α-, γ-, and δ-crystalline forms (αγδ-Alq3) was prepared in a manner similar to that 
described above for the preparation of δ-Alq3.  The first and second processes were exactly the 
same; i.e., the α-Alq3 powder was vacuum-encapsulated in a quartz glass tube.  In the third 
step, the thermal annealing was carried out at 320 °C for 3 h and was followed by quenching of 
the sample to 0 °C. 
3.2.2.  Wide-angle X-ray diffraction measurements 
The polymorphs were identified by wide-angle X-ray diffraction (WAXD) measurements at 
room temperature.  Temperature-dependent WAXD experiments for α-Alq3 and δ-Alq3 under 
vacuum were carried out to clarify the temperature change of the crystalline form and to 
determine the crystalline form immediately before vacuum deposition.  The measurements 
were carried out between 30 °C and 300 °C under vacuum produced by an oil-sealed rotary 
vacuum pump.  Prior to the measurements, the sample was held at a given temperature for 10 
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min.  The WAXD data were recorded using a Rigaku RINT-2000 diffractometer with Cu-Kα
radiation at 300 mA and 40 kV.  The scattering angle 2θ was scanned in steps of 0.02° over a 
range of 3-35°. 
3.2.3.  Photoluminescence measurements 
PL measurements were carried out at room temperature using a Hamamatsu Photonics K. 
K. absolute PL quantum yield measurement system (C9920-02) with excitation wavelength of 
375 nm. 
3.2.4.  OLED fabrication and characterization 
The OLED structure was indium tin oxide (ITO) (55 nm)/N,N′-di(1-naphthy)-N,N′- 
diphenylbenzidine (α-NPD) (40 nm)/Alq3 (60 nm)/cesium carbonate (Cs2CO3) (1.5 
nm)/aluminum (Al) (80 nm).  Here, α-NPD was used as a hole-transporting layer, and Alq3
was used as an emissive and electron-transporting layer.  Cs2CO3, which has been reported to 
enhance electron injection from the Al to the Alq3 layer [23-28], was used as an electron 
injection layer.  The ITO and Al were used as the anode and cathode material, respectively.  
For Alq3, three types of samples were used as source powders; 1) α-Alq3, 2) δ-Alq3, and 3) 
αγδ-Alq3.  It was reported that the evaporation temperature affected the morphology of films 
and the device performance [19,29], and we should consider the effect.  In this study, the 
applied electric powers were almost same (~ 59 W) for all of the deposition of α-Alq3, δ-Alq3, 
and αγδ-Alq3.  Therefore, the influence of evaporation temperature on the device performance 
was considered to be negligible.  An ITO patterned glass substrate with an active area of 2 × 2 
mm2 was swabbed with acetone, and then ultrasonically cleaned in detergent, ultrapure water, 
acetone, and isopropyl alcohol.  The substrate was then cleaned with isopropyl alcohol vapor 
37 
and ultraviolet-ozone treated.  α-NPD, Alq3, Cs2CO3, and Al were deposited at a pressure of 
10–4 Pa.  The current density (J)–voltage (V)–luminance (L) characteristics of the OLEDs were 
measured with a source measure unit (Keithley 2400) and spectroradiometer (Topcon, SR-3).  
Personal-computer based software for OLED characterization was kindly provided by Keithley 
Instruments K. K. Japan. 
3.3.  Results and discussion 
3.3.1.  Identification of polymorphs and a new method to obtain pure δ-Alq3
Figure 3.2 shows the experimental WAXD profiles of Alq3 samples.  Some diffractions 
assigned to α-Alq3, γ-Alq3, and δ-Alq3 are shown as vertical green, purple, and blue lines in the 
figure, respectively.  The pattern in Fig. 3.2(a) matches the previously reported α-Alq3 patterns 
[2,3,9], confirming that the sample is the α-Alq3.  Yellowish α-Alq3 was obtained in relatively 
large amounts (several grams) through train sublimation.  The pattern in Fig. 3.2(b) matches 
δ-Alq3 patterns [4,6,9].  It has been difficult for us to produce pure δ-Alq3 [9,11], in that the 
contamination of α-Alq3 or γ-Alq3 has been unavoidable.  Pure δ-Alq3 was obtained by 
washing the crude δ-Alq3 with an excess of chloroform and drying under vacuum for 1 day in 
our previous work [9,11].  Fortunately, in this study, the pure δ-Alq3 could be obtained without 
contamination of other crystalline forms using the vacuum-encapsulated procedure described in 
the experimental section.  This is an easy way to prepare pure δ-Alq3 quantitatively.  The 
WAXD pattern for the αγδ-Alq3 sample is shown in Fig. 3.2(c).  The WAXD profile of the 
αγδ-Alq3 sample is found to be composed of those of α-Alq3, γ-Alq3, and δ-Alq3.  This clearly 
shows that the three phases are certainly contained in the αγδ-Alq3 sample.  From the WAXD 
results, the samples for Fig. 3.2(a), (b), and (c) are confirmed to be pure α-Alq3, pure δ-Alq3, 
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Fig. 3.2.  X-ray diffraction profiles of (a) α-Alq3, (b) δ-Alq3, and (c) the mixture of α-, γ-, 
and δ-Alq3.  Some diffraction peaks representative of α-Alq3, γ-Alq3, and δ-Alq3 are 

















and a mixture of α-, γ-, and δ-Alq3 (αγδ-Alq3), respectively.  
3.3.2.  Transformation of polymorphs during thermal annealing 
In a vacuum deposition, organic materials are heated in crucibles and the crystalline 
polymorphs and isomeric states may change.  To understand the change due to thermal 
annealing, we carried out temperature-dependent WAXD experiments under vacuum.  The 
temperature-dependent WAXD patterns for the α-Alq3 sample are shown in Fig. 3.3.  The 
experiments were carried out from 30 ºC to 300 ºC.  Overall patterns appear similar to the 
patterns of the α-form [2,3,9] and are clearly different from those of all other crystalline forms.  
Therefore, it is found that the Alq3 sample remains the α-type polymorph and does not 
transform into other crystalline forms.  In detail, the diffractions shift slightly toward a smaller 
angle; for example, the diffraction at 11.3º at 30 ºC becomes 11.0º at 300 ºC.  This indicates 
that the crystalline lattice expands with increasing temperature.  We should note that the 
diffraction around 18o in α-Alq3 splits into two at elevated temperature (above ~175 oC).  The 
split of the diffraction is considered to originate from the existence of disorder.  The local 
disorder in α-Alq3 was suggested [2,9,11,30] and some structural modifications may occur by 
the thermal annealing. 
After the WAXD measurements, the Alq3 molecules were found to be deposited to the 
chamber of the WAXD apparatus.  Therefore, the crystalline form for the α-Alq3 sample is 
found to remain in the α-form even immediately before vacuum deposition. 
The temperature-dependent WAXD patterns of the δ-Alq3 sample are shown in Fig. 3.4.  
The diffraction patterns indicate that the sample remains in δ-form up to 150 °C.  An evident 
change is observed at ~175 °C; the δ-form becomes the γ-form and the sample remains as 
γ-Alq3 up to 300 ºC.  At 2θ < 10o, three diffractions are found below 150 oC (that is, for 
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Fig. 3.3.  Temperature-dependent X-ray diffraction profiles of Alq3 powders under vacuum, 
originally in α-form. 





















Fig. 3.4.  Temperature-dependent X-ray diffraction profiles of Alq3 powders under vacuum, 



























δ-Alq3), whereas only one diffraction is observed above 200 oC (that is, for δ-Alq3), although 
both of the polymorphs are composed of facial isomers.  Bravais lattices of δ-Alq3 and γ-Alq3
belong to  triclinic (P1) [4,31] and trigonal crystals (P3) [2,8], respectively.  The 
blue-emitting Alq3 crystals change to higher symmetric structure above 200 oC, which results in 
a simpler WAXD profile.  Clear lattice expansion is not observed for either δ-Alq3 or γ-Alq3.  
As has been reported [2,8,9,11], γ-Alq3 can exist at room temperature.  However, the 
transformation from δ-Alq3 to γ-Alq3 with heating and that from γ-Alq3 to δ-Alq3 with cooling 
(see below) suggests that δ-Alq3 is more stable below ~170 ºC and γ-Alq3 is more stable above 
~180 ºC.  The result coincides with a suggestion by Brinkmann et al. [2] that γ-Alq3 is a 
high-temperature phase.  The isomeric states of γ-Alq3 and δ-Alq3 are determined to be facial 
[3,6,8,9,11].  Therefore, the transformation at ~175 °C is a change in crystalline form without 
ligand exchange (i.e., without a change in the isomeric state).  The sample was found to be 
deposited to the chamber of the WAXD apparatus after the measurements.  Therefore, the 
crystalline form of the δ-Alq3 sample is found to be γ-Alq3 immediately before the vacuum 
deposition.  Cölle et al. [6] observed a small transition at 145 ºC for δ-Alq3 in a differential 
scanning calorimetry measurement and they stated, “We are not sure about the origin of this 
transition…”.  The origin of the transition is possibly the transition from δ-Alq3 to γ-Alq3, as 
observed in this study. 
We previously prepared γ-Alq3 under atmospheric conditions.  Here, we tried to prepare 
γ-Alq3 of device-fabrication grade using the vacuum-encapsulated quartz glass tube.  From Fig. 
3.4, the pure γ-Alq3 is expected to be prepared by quenching from above 200 ºC to below room 
temperature.  The top of Fig. 3.4 shows the WAXD profile at room temperature after the 
measurements at 300 ºC.  The profile clearly shows that most of the γ-Alq3 at 300 ºC becomes 
δ-Alq3 and only a limited contribution remains as γ-Alq3.  Sufficiently fast quenching could 
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not be achieved for the sample in the vacuum-encapsulated quartz glass tube.  Therefore, 
high-quality γ-Alq3, which could be used for device applications, could not be obtained. 
3.3.3.  Optical properties 
Figure 3.5(a) shows PL spectra of the α-Alq3, δ-Alq3, and αγδ-Alq3 powder samples.  The 
α-Alq3 powders have typical green emission with PL maximum at 520 nm.  In contrast, blue 
emission is observed for δ-Alq3 powders with PL maximum at 481 nm.  The αγδ-Alq3 powders 
have green emission with PL maximum at 508 nm.  It has been reported that γ-Alq3 powders 
have blue emission with PL maximum at 468 nm [9,11].  In comparing the PL spectra of 
α-Alq3 and αγδ-Alq3 in Fig. 3.5(a), there is disagreement on the short wavelength side.  This 
originates from a contribution to the emission by γ- and δ-Alq3.  However, the overall spectral 
pattern of the PL spectrum of αγδ-Alq3 mostly agrees with that of α-Alq3.  This indicates that 
energy transfer occurs from γ- and δ-Alq3 domains to α-Alq3 domains.  The PL quantum yields 
(PLQYs) were 36 %, 47 %, and 35 % for α-Alq3, δ-Alq3, and αγδ-Alq3 powder samples, 
respectively. 
Figure 3.5(b) shows PL spectra of the deposited films prepared from α-Alq3, δ-Alq3, and 
αγδ-Alq3 samples as source powders.  We visually confirm that all the deposited films are 
transparent.  The PL spectra are almost indistinguishable; the maximum wavelengths of the PL 
spectra were 531, 529, and 532 nm for the films prepared from α-Alq3, δ-Alq3, and αγδ-Alq3, 
respectively.  The PLQYs for all of the deposited films were 22 %.  The isomeric state of Alq3
in the deposited films is considered to be predominantly meridional.  However, the coexistence 
of facial isomers in the deposited films cannot be denied, because energy can transfer from Alq3
in the facial isomer to that in the meridional isomer, as occurs in the PL experiments for the 
αγδ-Alq3 powder samples in Fig 3.5(a). 
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Fig. 3.5.  Normalized PL spectra of (a) the three types of Alq3 powder samples used in this 
study, α-Alq3, δ-Alq3, and the mixture of α-, γ-, and δ-Alq3, and (b) their deposited films.  
The excitation wavelength is 375 nm. 




























































3.3.4.  Electroluminescence characteristics of OLEDs 
Figure 3.6 shows the EL characteristics of OLEDs with a device structure of ITO (55 
nm)/α-NPD (40 nm)/Alq3 (60 nm)/Cs2CO3 (1.5 nm)/Al (80 nm).  Three types of OLEDs were 
prepared using 1) α-Alq3, 2) δ-Alq3, and 3) αγδ-Alq3 as source powders.  Here, OLEDs 
prepared from α-Alq3, δ-Alq3, and αγδ-Alq3 are referred to as α-OLED, δ-OLED, and 
αγδ-OLED, respectively.  The J–V characteristics are shown in Fig. 3.6(a).  The J–V curves 
for all three OLEDs are found to be almost the same, irrespective of the Alq3 crystalline 
polymorph before vacuum deposition.  The L–V characteristics of the three OLEDs are shown 
in Fig. 3.6(b).  As opposed to the case for the J–V data in Fig. 3.6(a), distinct differences are 
observed; the αγδ-OLED provides the highest luminance and the α-OLED the lowest.  Figure 
3.6(c) shows the current efficiency–current density characteristics of the three OLEDs.  
Reflecting the L–V characteristics, it is found that the current efficiency of the δ-OLED is up to 
1.1 times that of the α-OLED.  The current efficiency of the αγδ-OLED is much higher, up to 
1.4 times that of the α-OLED.  The difference is also found in external quantum efficiencies 
(EQEs)–current density plots in Fig.3.6(d).  The EQEs at 1000 cd/m2 (~ 40 mA/cm2) were 
estimated to be 0.75 %, 0.80 %, and 1.0 % for α-OLED, δ-OLED, and αγδ-OLED, respectively.  
The EQE, ηexe, is expressed as ηexe = Γ × β × Φ × ηp, where Γ is the carrier balance ratio of 
holes and electrons, β is an exciton generation factor, Φ is a light out-coupling factor, and ηp is 
the PL quantum efficiency.  The emission here is from the excited singlet state. Considering 
the singlet/triplet branching ratio, the value of β is considered to be 0.25 for electrical excitation.  
The device structures are the same and the values of Φ (~ 20 % [32]) are considered to be the 
same for the three OLEDs in this study.  The PLQY, ηp, was 22 % for all devices as shown in 
Section 3.3.3.  Therefore, the EQE is found to be directly reflected in the carrier balance ratio; 
the values of Γ are calculated to be 68 %, 72 %, 90 % for α-OLED, δ-OLED, and αγδ-OLED, 
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Fig. 3.6.  The EL characteristics of OLEDs fabricated from α-Alq3, δ-Alq3, and the mixture 
of α-, γ-, and δ-Alq3.  These OLEDs are denoted α-OLED, δ-OLED, and αγδ-OLED, 
respectively.  (a) Current density–voltage, (b) luminance–voltage, (c) current efficiency–
current density, and (d) external quantum efficiencies–current density characteristics are 
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respectively.  The carrier balance for the αγδ-Alq3 OLED increases to nearly 100 % without a 
change in the device structure.  This is a possible reason for the improved EQEs.  Figure 
3.6(e) shows the EL spectra of the three OLEDs at a current density of 25 mA/cm2.  All 
OLEDs exhibit green EL emission with a peak at approximately 525 nm, irrespective of the 
crystalline polymorph before vacuum deposition.  Although the PL spectra of the three 
deposited films are indistinguishable with each other, the EL spectrum of the αγδ-OLED is 
slightly narrower than those of the other two devices.  The difference of the EQEs in the three 
devices might originate from the effect of the optical interference, as another possible reason. 
3.4.  Conclusions 
Temperature-dependent WAXD experiments of α-Alq3 and δ-Alq3 were performed under 
vacuum from 30 ºC to 300 ºC to investigate the crystalline transformation and the isomeric state 
change.  For α-Alq3, the crystalline form does not change and the isomeric state remains 
meridional up to the sublimation temperature.  For δ-Alq3, the crystalline form becomes the 
γ-form, but the isomeric state remains facial up to the sublimation temperature.  On the basis of 
these results, we prepared three different Alq3 samples of device-fabrication grade, namely 1) 
pure α-Alq3, 2) pure δ-Alq3, and 3) a mixture of α-, γ-, and δ-Alq3, by simple thermal annealing 
in vacuum-encapsulated quartz glass tubes.  Using these samples, we examined the effect of 
polymorphs as source powders on OLED performance.  The EL performance of typical 
OLEDs consisting of ITO/α-NPD/Alq3/Cs2CO3/Al depended on the polymorphs of source 
powders; the luminance efficiency of OLEDs fabricated from δ-Alq3 and that from the mixture 
of α-, γ-, and δ-Alq3 were enhanced by factors of 1.1 and 1.4, respectively, compared with the 
case for α-Alq3, although the device structure is the same.  The origin of the enhancement is 
not clear at this stage, but the results will be used to improve OLED performance for various 
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materials with polymorphs.  The EL wavelengths do not depend on the polymorphs and 
isomeric states of source powders; all OLEDs in this study have green emission. 
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Sensitivity Enhancement in Solid-State NMR of Organic Thin-Film 
Semiconductors by a Paramagnetic System 

4.1.  Introduction 
Organic thin-film semiconductors, such as organic light-emitting diodes (OLEDs), organic 
solar cells (OSCs), and organic thin-film transistors (OTFTs) are promising alternatives to 
inorganic semiconductors, and are extensively studied because these organic semiconductors are 
lighter, less expensive, and more flexible than their inorganic counterparts [1-7].  However, the 
analytical methods of these devices on an atomic level are quite limited.  This is because these 
organic devices, especially OLEDs, are often used in amorphous state, hampering the 
application of diffraction methods including X-ray and neutron diffraction, because of a lack of 
long-range periodic structures.  By contrast, solid-state nuclear magnetic resonance (solid-state 
NMR) has great potential for the analysis of amorphous organic materials [8-18].  One 
practical limitation of NMR is its intrinsically low sensitivity.  This is especially true for the 
analysis of organic devices for which the sample volume is quite limited; most organic devices 
have a thickness of only 50 to 100 nm to reduce the driving voltage [2,19-24].  The low 
sensitivity and limited sample volumes hamper the application of solid-state NMR to organic 
devices. 
Substantial efforts have been made to overcome the low sensitivity of NMR.  One reason 
for its low sensitivity is the slow relaxation process of nuclear spin systems, which is described 
by the longitudinal relaxation time (T1).  The nuclear spin system is well isolated from the 
thermal bath and most NMR spectrometer time is spent waiting for the spin system to return to 
the thermal equilibrium state between contiguous observations.  One of the most widely used 
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and cost-effective methods in solution NMR is the use of paramagnetic relaxation reagents, 
which significantly reduce T1 relaxation times [25-30].  The unpaired electrons in the 
paramagnetic species greatly reduce the T1 relaxation time of neighboring nuclear spin through 
the interaction between electron and nuclear spins [31].  This uniformly enhances the 
relaxation process of all the nuclei in a solution sample where the molecules have equal chances 
of contacting the paramagnetic species by the rapid translational molecular motion observed in 
solution samples [25-30].  The reduction of T1 relaxation times allows the quick repetition of 
solution NMR measurements, i.e., because of the shorter relaxation delay between contiguous 
scans, leading to sensitivity enhancement in the unit time. 
On the other hand, a paramagnetic dopant is less effective in solid-state NMR.  In solid 
samples, neighboring nuclei are affected by paramagnetic species and show significant 
line-broadening because of dipolar shift and paramagnetic relaxation.  This is because of the 
limited molecular motion in solid samples, which results in significantly strong interactions 
between electrons and nuclei.  By contrast, nuclei, which are distant from paramagnetic centers, 
show almost no reduction of their T1 relaxation time.  These are the reasons why only a small 
number of solid-state NMR studies have been reported [32-34].  Relaxation enhancements are 
reported for 29Si and 89Y nuclei systems doped with lanthanide paramagnetic ions [32] and for a 
system of frozen Cu-doped peptide aqueous solutions [33].  Recently, a new approach using 
Cu(II) Na2 ethylenediaminetetraacetate (Cu-EDTA) doping of microcrystalline protein samples 
is reported [34].  In this method, 1H–1H spin diffusion is utilized to transfer the 1H 
magnetization, which is produced by quick paramagnetic relaxation, from the surface to the 
inside of the crystals.  This effectively reduces the 1H T1 relaxation time, not only of 
neighboring nuclei, but also of nuclei far from the paramagnetic centers.  The key to this 
approach is transfer of the 1H magnetization from the paramagnetic centers to remote 1H nuclei 
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through 1H–1H spin diffusion.  This enhances the 1H T1 relaxation of remote 1H spins without 
giving rise to paramagnetic broadening. 
In this study, the sensitivity enhancement in solid-state NMR of organic thin-film 
semiconductor samples by paramagnetic dopant layers assisted by 1H–1H spin diffusion is 
investigated (Fig. 4.1).  The samples we used were bilayer thin films; a thin-film sample was 
deposited on a paramagnetic thin film layer.  The following three conditions should be satisfied 
to bring about 1H T1 time reduction with minimal effects from harmful paramagnetic 
broadening: 
Condition 1: 
The paramagnetic dopant is sufficiently closely attached to the surface of the thin film that 
1H magnetization transfer from the dopant to the molecules in the thin film and paramagnetic 
relaxation on the surface of the film will occur. 
Condition 2: 
Fig. 4.1.  Schematic representation of 1H T1 reduction in POPy2 thin organic films with 
paramagnetic dopant (CuPc). 
Paramagnec layer POPy2 suffered from
paramagnec broadening
α domain
1H T1 me does not change
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Reducon of 1H T1 me






The film is sufficiently thin so that the 1H magnetization from the paramagnetic dopant will 
diffuse throughout most of the 1H nuclei within the thin film. 
Condition 3: 
The film is sufficiently thick so that the abundance of those nuclei that are close to the 
paramagnetic ions and suffer severe paramagnetic broadening, can be safely neglected. 
The 1H magnetization in the paramagnetic dopant layers is quickly relaxed by unpaired 
electron spins.  1H nuclei in thin films closely attached to the paramagnetic dopant layers are 
polarized by direct interaction with unpaired electrons and by the 1H magnetization of 
paramagnetic dopant layers through dipolar interaction between 1H nuclei in paramagnetic 
dopant layers and those in the thin films.  1H nuclei located at the inner part of the thin film are 
polarized by the 1H–1H spin diffusion among 1H nuclei in the thin film.  This efficiently 
reduces the 1H T1 relaxation time in the thin films, leading to a reduction of measurement time 
by shortening the required repetition time.  Fortunately, as clarified in the Results and 
Discussion section, most nuclei in the thin films with thicknesses typical for organic 
semiconductors are polarized by 1H–1H spin diffusion and are free from paramagnetic 
broadening, which only appears in the nuclei of neighboring paramagnetic ions.  The 
measurement time reduction in nuclei other than 1H is also realized by magnetization transfer 
from 1H nuclei to other nuclei via cross polarization (CP) in which intervals between successive 
observations can be determined by the 1H T1 relaxation time. 
Here we used a binary thin film composed of copper phthalocyanine (CuPc) and 
phenyldipyrenylphosphine oxide (POPy2) (Fig. 4.2), which is widely used in thin-film organic 
devices because of its favorable properties allowing for good carrier injection from electrodes 
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and having good carrier transporting characteristics, respectively [19,20,35–38].  The carrier 
injection material, CuPc, is expected to work as a paramagnetic dopant for POPy2 to enhance 
the 1H T1 relaxation in POPy2.  As shown below, a vacuum-deposited film ensures close 
contact between CuPc and POPy2 (condition 1), and a POPy2 thickness of 50–100 nm, which is 
widely used in devices, is suitable for 1H–1H spin diffusion (conditions 2 and 3).  Sensitivity 
enhancement of 31P CP magic-angle spinning (MAS) NMR of POPy2 is demonstrated. 
4.2.  Experimental procedures 
4.2.1.  Sample preparations 
Six different samples, schematically shown in Fig. 4.3, were vacuum-deposited on glass 
substrates measuring 145 × 145 mm2: 
A: N,N′-di(1-naphthyl)-N,N′-diphenylbenzidine (NPD) 400 nm/POPy2 1200 nm 
























B: CuPc 1200 nm 
C: NPD 400 nm/POPy2 200 nm/(CuPc 30 nm/POPy2 400 nm)×2)/CuPc 30 nm/POPy2 200 nm 
D: NPD 400 nm/POPy2 100 nm/(CuPc 30 nm/POPy2 200 nm)×5)/CuPc 30 nm/POPy2 100 nm 
E: NPD 400 nm/POPy2 50 nm/(CuPc 30 nm/POPy2 100 nm)×11)/CuPc 30 nm/POPy2 50 nm 
F: NPD 400 nm/POPy2 50 nm/(H2Pc 30 nm/POPy2 100 nm)×11)/H2Pc 30 nm/POPy2 50 nm. 
The materials used in this study were purified by vacuum sublimation.  Glass substrates 
were pre-cleaned using acetone and chloroform.  NPD, CuPc, H2Pc, and POPy2 (Fig. 4.2) were 
deposited under a pressure less than 3 × 10–4 Pa.  Samples A and C–F had a total POPy2
thicknesses of 1200 nm.  The samples deposited were scraped off the glass substrates using a 
sharp blade from an area of about 60 × 80 mm2 where the samples were deposited to give a 
homogeneous thickness.  About 12–17 mg of the samples was thus obtained from the 
respective thin films.  All of the samples except for sample B were deposited on NPD, which is 
commonly used as a hole-transport material in OLEDs [3,4,7,35].  By using an NPD layer, we 
could scratch off all of the POPy2 and CuPc (or H2Pc) layers without loss of the POPy2 and 
CuPc (or H2Pc) samples.  Note that the NPD layer does not affect the solid-state NMR spectra 
in this study.  Samples B, C, D, and E mimic the POPy2/CuPc layers with a POPy2 thickness of 
200 nm, 100 nm, and 50 nm, respectively.  We deposited multiple thin-film layers of 
POPy2/CuPc for samples C–F to increase the amounts of respective samples.  The inner POPy2
layer had twice the thickness of the outer POPy2 layers, because the inner POPy2 layers faced 
two CuPc layers on the top and underneath.  All of the CuPc layers in samples C–F were 
deposited with a thickness of 30 nm.  Sample F was prepared to confirm the effect of 
paramagnetic relaxation, which originates from the CuPc layers.  Sample F had the same 
structure as sample E except that metal-free phthalocyanine (H2Pc) substituted for CuPc.  From 
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Fig. 4.3.  Detailed configurations of the thin-film samples used in this study.  Sample A 
was composed of POPy2 (and NPD).  Sample B was composed only of CuPc.  Samples C, 
D, and E mimic the POPy2/CuPc layers with a POPy2 thickness of 200 nm, 100 nm, and 50 
nm, respectively.  Sample F has the same configuration as sample E except that H2Pc 
substitutes for CuPc. 
Sample A Sample C
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POPy2  100 nm
POPy2  200 nm
CuPc 30 nm
POPy2  200 nm
POPy2  200 nm
POPy2  100 nm
POPy2  50 nm
POPy2  100 nm
POPy2  50 nm
CuPc 30 nm
CuPc 30 nm
POPy2  50 nm
POPy2  100 nm
POPy2  50 nm
H2Pc 30 nm
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a comparison made of samples E and F, the contribution of the effect of paramagnetic Cu2+ ions 
and that of the heterosurface between phthalocyanine and POPy2 to the relaxation behaviors can 
be distinguished.  The details are described in Section 4.3.1. 
4.2.2.  Solid-state NMR analysis of organic thin films 
All of the solid-state NMR measurements were conducted using a Bruker Avance III 400 
MHz spectrometer operating under a static magnetic field of 9.4 T.  A double-resonance probe 
with a 4.0 mm MAS stator was used.  1H and 31P radiofrequency (rf) field strengths γ B1/2π of 
80 kHz were used for all pulses.  The MAS spinning speed was set to 15 kHz and the 
experiments were conducted at 300 K.  The longitudinal relaxation times T1 for 1H of POPy2 in 
samples A–F were measured using a saturation recovery type sequence; in which the initial 1H 
magnetization is saturated by a rf comb of twenty 3.13 μs 90° pulses and recovered 1H 
magnetization after relaxing periods were monitored as 31P signal intensity via CP under MAS. 
For comparison, the 1H T1 time of POPy2 powder crystals was measured using the same pulse 
sequence.  The 1H T1 times of CuPc in sample B and CuPc needle crystals were obtained by 
directly measuring the 1H signal intensity with the saturation recovery methods without using 
CP.  Conventional CP scheme with a contact time of 4.5 ms was used for all CP processes in 
this study.  Four dummy scans were applied before signal acquisition to stabilize the spin 
system. 
4.3.  Results and discussion 
4.3.1.  1H T1 relaxation behaviors of organic thin films 
1H relaxation curves for samples A–F are shown in Fig. 4.4.  The relaxation behavior for 
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Here, ( )τM
 
is the magnetization observed for the saturation–recovery experiment and 
( )∞=
∞
MM  is the magnetization at the thermal equilibrium.  The experimental curve for 
sample A is easily reproduced using a single exponential decay curve with a T1 relaxation time 
of 2.42 s.  The 1H T1 value is significantly shorter than that for powder crystal POPy2 (57 s), as 
shown in Table 4.1.  The vacuum-deposited POPy2 is in an amorphous state, which is the 
origin of the short 1H T1 value.  The 1H relaxation times of the CuPc samples, both deposited 
(sample B) and in the powder poly-crystalline form, are significantly quicker than those of 
common organic compounds because of the paramagnetic relaxation (Table 4.1).  The 1H T1 is 
too fast to be determined exactly and was roughly estimated to be less than 1 ms. 
Samples C–E with CuPc show clearly different 1H relaxation curves from those of sample 
A, which consists of a POPy2 thin film without CuPc; the relaxation curves for samples C–E 
show a steeper slope than that for sample A.  In particular, the 1H T1 relaxation curves for 
samples C–E do not correspond with any calculated curve with a single T1 value.  Assuming 
that POPy2 has two domains α and β (Fig. 4.1), we can obtain satisfactory matching using the 
sum of two exponential functions with two different relaxation times, 
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Fig. 4.4.  1H T1 relaxation curves for samples A–F.  The experimental data for samples A, 
B, and F are fitted with single exponential functions and those for samples C–E are fitted 
with double exponential functions as described in the text.  The simulated curves are 





















































,          (4.3) 
where iT ,1  is the T1 relaxation time of the domain i (i = α or β) and if  is the fraction of the 
domain i with 1=+ βα ff .  The α domain is composed of POPy2 located too far from CuPc 
to bring 1H magnetization from the heterointerface by 1H–1H spin diffusion.  We assume that 
POPy2 in the α domain has the same 1H T1 relaxation time as that of sample A.  The β domain 
is located close to the heterointerface between POPy2 and CuPc.  In the β domain, the 1H T1
relaxation process is dominated by the 1H–1H spin diffusion.  Although the 1H T1 rate should 
depend on the distance from the heterointerface, we assume a single 1H T1 rate in this domain 
for simplicity.  We fitted the experimental curves of samples C–E to Eq. (4.3), while varying 
Table 4.1.  1H T1 relaxation times by saturation recovery experiments. 
1H T1/s 1H T1/s 
 (single exponential) (double exponential) 
Sample A 2.42  
Sample B <0.001  
Sample C  2.42 (69%), 0.68 (31%) 
Sample D  2.42 (27%), 0.86 (73%) 
Sample E  2.42 (18%), 0.81 (82%) 
Sample F 2.35  
POPy2 (powder crystal) 57  
CuPc (needle crystal) <0.001  
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the two fitting parameters βf  and β,1T .  The results are shown in Fig. 4.4 with solid lines 
and also in Table 4.1.  As the thickness of the POPy2 layers decreases, βf , i.e. the share of the 
β domain that is affected by CuPc, increases.  This is the natural consequence of the increase 
of heterointerface per unit volume of POPy2.  Table 4.1 shows that most (more than 70%) 
POPy2 in samples D and E can be classified into the β domain, indicating that 1H magnetization 
penetrates about 50 to 100 nm into the thin films.  This means that condition 2 as described in 
Section 4.1 is satisfied if the organic film thickness is less than 50 to 100 nm.  The average 
displacement d  of 1H magnetizations during β,1T  can be estimated by 
β,1DTd = ,              (4.4) 
where D is the spin diffusion coefficient. Inserting D = 1 nm2/ms, which is a typical value for 
organic solids [39], we obtain d  of a few tens of nanometers.  This qualitatively supports 
the satisfaction of condition 2 for the 50 to 100 nm organic films. 
Sample F had the same layer structure as sample E.  The only difference was that CuPc 
was used in sample E, whereas H2Pc was used in sample F.  However, the relaxation behavior 
of sample F was significantly different from that of sample E.  Sample F showed a 1H T1 value 
of 2.35 s, which is close to that of sample A (2.42 s).  This shows that the heterointerface 
between phthalocyanine and POPy2 produces only a minor effect on the 1H T1 relaxation process. 
The heterointerface may possibly enhance the 1H T1 relaxation.  For example, the 
heterointerface might induce a structural or dynamic disorder.  The paramagnetic oxygen 
might be contaminated at the heterointerface.  However, we can safely neglect these effects by 
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comparing the results for samples E and F.  The findings confirm that the faster 1H relaxations 
of POPy2 for samples C–E were induced by close contact with the paramagnetic species, Cu2+, 
at the molecular level.  Condition 1 described in Section 4.1 is satisfied in these films 
containing vacuum-deposited POPy2/CuPc. 
4.3.2.  CP/MAS spectra of POPy2 and CuPc/POPy2 films 
Figure 4.5(a) and (c) shows 31P CP/MAS spectra of samples A and C–E with a recycle 
delay of 1 s.  Those with a recycle delay of 15 s are shown in Fig. 4.5(b) and (d).  Figure 
4.5(a) and (b) shows normalized spectra for each peak intensity.  From these normalized 
spectra, it is found that all the spectra show essentially identical line shapes.  No detectable 
paramagnetic shift or broadening was found.  Figure 4.5(c) and (d) shows the spectra after 
division by the total weight of POPy2.  These procedures allow us to compare the intensities of 
the 31P CP/MAS spectra quantitatively.  Samples A and C–E showed identical spectra when a 
relaxation delay of 15 s was employed (Fig. 4.5(d)).  This delay is much longer than 5 times of 
the longest 1H T1 relaxation times (2.42 s) and allows all of the 1H nuclei to fully relax to the 
thermal equilibrium state.  We did not find significant intensity losses for samples of POPy2
with CuPc (samples C–E) compared with that without CuPc (sample A), indicating that the 
effect of paramagnetic quenching on signal intensity is negligible and that almost all of the 31P 
NMR signals of POPy2 are detected.  Based on these experimental findings, we can safely 
neglect the effect of paramagnetic shift, broadening, and quenching of NMR signals by the 
paramagnetic dopant; and condition 3 described in the Introduction is satisfied if the thickness is 
greater than 50 nm.  This is because these unfavorable effects are only detectable very close to 
the paramagnetic center and are rapidly suppressed with increasing distance from the 
paramagnetic center; the dipolar shift and the paramagnetic relaxation are inversely proportional 
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Fig. 4.5.  31P CP/MAS spectra of samples A, C, D and E observed with repetition delays of 
1 s (a, c) and 15 s (b, d).  The 64 transients for each spectrum were accumulated.  The 
total measuring time is 64 s (a, c) and 960 s (b, d).  The spectral intensity is shown after it 
was normalized with the maximum peak height (a, b) and divided by the total weight of 
POPy2 for quantitative comparisons of signal intensities (c, d). 
(a) (b)
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to the cube and sixth power, respectively, of the distance between the nuclei and paramagnetic 
center.  In Fig. 4.5(c), sample D shows an almost identical spectrum to that of sample E.  This 
indicates that we can obtain maximum sensitivity enhancement by paramagnetic ion doping if 
the thickness of the sample is less than 100 nm.  The 1H–1H spin diffusion is also utilized in 
dynamic nuclear polarization (DNP) experiments [40].  The 1H magnetization is produced by 
polarization transfer from electrons in DNP instead of paramagnetic relaxation and diffused by 
1H–1H spin diffusion similarly with the current method.  This indicates that the same order of 
thickness, i.e. 50 to 100 nm, is also optimum for DNP experiments of thin organic films, where 
the polarization reagent is a thin layer like CuPc.
Figure 4.5(c) demonstrates a 1.7 times signal enhancement by the paramagnetic doping. 
This decreases the experiment time by 1.72 or approximately threefold.  This enhancement 
originates from a shorter 1H T1 relaxation time of the β domain.  The T1 reduction is much 
more effective in organic semiconductors where the T1 times of pristine samples are longer.  
One example is in OTFTs where organic materials are in crystalline states.  The organic 
materials in such devices have much longer 1H T1 relaxation times than those in this study.  For 
these samples, extreme effects will be expected.  In this study, signal enhancements of 31P 
CP/MAS are demonstrated.  The present method can be applied any CP based experiments and 
is especially useful for low-sensitivity nuclei such as 13C and 15N, which usually require very 
long accumulation time or isotopic labeling.  For example, 13C CP/MAS measurements, which 
typically take several hours, can be observed less than one hour if 1.7 times enhancement is 
achieved. 
Signals are enhanced by factors from 1.4 to 4 using recently developed cryogenic probes, 
both for solution NMR and solid-state NMR [41-43].  According to the empirical equation for 
the static magnetic field B0 dependence of the signal-to-noise ratio (SNR), SNR ∝ B03/2, the 
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SNR is enhanced by a factor of 1.8 when comparing the use of 600 and 400 MHz NMR.  The 
use of 800 MHz NMR provides a signal enhancement of 1.5 times in comparison with 600 MHz 
NMR.  Considering this, the method reported in this study is a cost-effective and useful way to 
enhance the SNR.  The methods used in this study can be combined with cryogenic probes and 
high-field magnets to provide significantly higher SNRs than those provided using those 
techniques alone. 
4.4.  Conclusions 
A method for enhancing the sensitivity of solid-state NMR, which is very useful for NMR 
measurements of organic thin-film semiconductors, is proposed.  A 1.7 times 31P CP/MAS 
signal enhancement for POPy2, which is a routinely used material in organic thin-film 
semiconductors, is achieved by vacuum-deposition of CuPc.  The 1H spin bath in POPy2 is 
composed of α and β domains.  In the α domain, the 1H T1 relaxation time is the same as for 
pristine POPy2 amorphous thin films without CuPc and the 1H T1 time in the β domain is 
dominated by the diffused 1H magnetization from the paramagnetic center of CuPc.  No 
detectable paramagnetic shift, broadening, or quenching was observed.  This sensitivity 
enhancement is satisfactory if the thickness of the organic films is between 50 and 100 nm, as 
normally used in the organic semiconductors. 
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Enhancement of Hole Injection in Organic Light-Emitting Diodes by 
Self-Assembled Monolayer 
5.1.  Introduction 
Since the demonstration of electroluminescence (EL) from the innovative layered organic 
thin film [1], organic light-emitting diodes (OLEDs) have drawn increasing attention for their 
practical use as EL devices.  As well as the researches pursuing excellent properties of the 
respective layers, the modification of the interfaces has been a key research topic, because the 
interfaces considerably influence the charge-injection, charge-confinement, and driving voltage.  
For the enhanced hole-injection and the reduced turn-on voltage, self-assembled monolayers 
(SAMs) have been used as modifiers of indium tin oxide (ITO) anode.  Nüesch et al. [2] 
reported a reduced turn-on voltage of single-layered devices using α-carboxylated 
oligophenylene, where the ITO electrode was covered with oligophenylene via physical 
adsorptions between the carboxylic acid moiety and the ITO surface.  The enhanced 
hole-injection was explained by the dipole moments of the molecules adsorbed on the ITO 
surface; the dipole moments can reduce the effective work function of ITO and hence the 
turn-on voltage [2,3].  Huang et al. [4] demonstrated an enhanced luminance even using a 
non-conjugated alkylsilane as a modifier chemically attachable to the ITO surface.  The 
enhanced luminance was explained by the increased electron-blocking property owing to the 
modifiers introduced between the ITO electrode and hole-transport layer (HTL).  Even though 
the non-conjugated alkyl layer works as an insulator for the hole-injection, it can reduce the 
mismatch of the surface energy between the hydrophilic ITO surface and the hydrophobic HTL 
[5], allowing a good compatibility of the ITO surface and HTL, and hence a reduced turn-on 
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voltage.  The SAM-modified interface suppresses the crystallization of the overlaying HTL 
upon heating even above the glass transition temperatures of HTL materials [6].  The 
suppression of crystallization is an additional advantage brought about by using SAMs as a 
modifier. 
As physically-adsorbed modifiers, chloride and acid derivatives, including phosphonic, 
sulfonic, and carboxylic acids, have been used [3,7-9].  For more stable SAM−ITO interfaces, 
chemically-bonded modifiers are considered to be preferable, because the rigid covalent bond 
prevents the exfoliation at the interface.  Organo-alkoxysilane [4,13-19], silazane [20], and 
chlorosilane [21-23] have been used as modifiers, for which facile sol-gel reactions have often 
been used.  Vapor phase reactions are also often used for the silanization [24].  However, they 
require high temperatures in many cases.  This also limits kinds of modifiers, since the 
modifier should have a high thermal stability and a sufficiently high vapor pressure.  In the 
sol−gel silanization, diluted silane molecules are immobilized on ITO surface in organic 
solvents, such as toluene [13-16,19], ethanol [16], and hexane [22].  The silanization includes 
two reaction steps [24-26].  The first step is the hydrolysis of silanes with water molecules 
adsorbed on a substrate surface or incorporated in a solvent to generate a silanol (Si-OH).  The 
second step is the condensation of two silanols to form a siloxane bond on the ITO surface.  
The rate of hydrolysis significantly depends on the amount of water, and hence, the amount of 
water considerably influences on the resultant SAM structure on the ITO surface.  Also, pH in 
a reaction solution has a significant impact on the SAM structure, because the mechanism and 
the kinetics of condensation reaction are completely different between under acidic and basic 
conditions [27,28].  When the hydrolysis and the condensation proceed via base-catalyzed 
mechanism, ramified silane polymers with widely-distributed molecular weights are formed, 
and the polymers subsequently form isolated particles.  On the other hand, when the hydrolysis 
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and the condensation proceed via acidic-catalyzed mechanism, homogeneous polymerization 
leads to mostly linear silane polymers with narrowly-distributed molecular weights.  In 
addition to these factors, the rate of the condensation also depends on the amount of the silane 
molecule in a system.  Therefore, the control of the three factors, i.e., catalytic condition, water 
amount, and the concentration of silane, is crucial for precise formation of SAMs and, therefore, 
for achieving excellent charge-injection properties of devices. 
As described above, there are a number of studies targeting superior device performances 
by using novel modifiers.  However, the systematic studies on preparation conditions for the 
SAM formation on ITO have not been reported.  This may partly be because the amount of 
water and the pH are hardly controllable in hydrophobic solvents frequently used in the 
previous studies, such as toluene and hexane, which are immiscible with water.  In this study, 
we investigated SAM formations of an alkylsilane, pentyltriethoxysilane (PTES), on ITO in an 
amphiphilic solvent, tetrahydrofuran (THF), which is miscible with water and can precisely 
control the amount of water and catalytic conditions.  We, for the first time, systematically 
studied how the SAM structure and the resultant hole-injection property depend on amount of 
water, concentration of PTES, and catalytic condition in the reaction solution.  The results 
obtained here would provide knowledge on the conditions of SAM formation for the 
high-performance OLEDs. 
5.2.  Experimental procedures 
5.2.1.  Substrate preparation 
An ITO patterned glass substrate, 55 nm ITO deposited on a soda-lime-silica glass with 0.7 
mm thickness covered with 23 nm SiO2 layer, sheet resistance of 50 Ω /sq, was used as a 
76 
cathode.  The substrate was swabbed with acetone, followed by ultrasonic cleaning in 
detergent, ultrapure water, acetone, and isopropyl alcohol.  The substrate was then boiled in 
isopropyl alcohol and placed in an ultraviolet−ozone treatment chamber (PL16-110, Sen Lights 
Co.).  For the silane SAM formation, a freshly treated substrate was used without storage. 
5.2.2.  Silane SAM formation 
Nitric Acid (HNO3: Nacalai Tesque Inc., 0.1 M) and ammonium hydroxide (NH3: Hayashi 
Pure Chemical Industries, 28 wt%) were used as catalysts after being diluted with ultrapure 
water.  Tetrahydrofuran (THF: Wako Pure Chemicals Industries, dehydrated, no stabilizer) and 
pentyltriethoxysilane (PTES: Tokyo Chemical Industry Co. Ltd.) were used as a solvent and a 
silica source, respectively.   
First, THF and a given concentration of HNO3 or NH3 aqueous solution were mixed in a 
glass vessel.  Under stirring in an ice water bath, PTES was added and kept stirring for 5 min.  
After stirring was stopped, the freshly treated ITO substrate was soaked in the solution, sealed, 
and kept at 40 °C for 24 h.  The substrate was retrieved, rinsed with chloroform, and 
supersonically cleaned in chloroform for 10 min.  Finally, the substrate was baked at 100 °C 
under vacuum to remove volatile residuals.  The SAM-modified ITO substrates were used for 
device fabrication immediately.  Hereafter, a H2O/PTES ratio and a PTES concentration in a 
THF solvent are denoted as r and CPTES, respectively.  The value of r was controlled with the 
amount of catalytic aqueous solution, and thus the catalytic aqueous solutions were employed as 
a water source as well as a catalyst.  In the present study, the sample prepared with CPTES = 0 
mM denoted as bare-ITO. 
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5.2.3.  Silane SAM characterization 
Contact angles, θ, of SAM-modified ITO substrates were measured with a contact-angle 
meter (Drop Mater 700, Kyowa Interface Science Co. Ltd.) using distilled water.  The 
measurements were performed at five different points for respective substrates and the data 
were averaged.  Surface morphology of the substrates was observed by an atomic force 
microscope (AFM: SPA400+SPI3800N, SII Nano Technology Inc.) operating in a dynamic 
force mode (DFM). 
5.2.4.  Device fabrication and characterization 
We used N,N'-di(1-naphthy)-N,N'-diphenylbenzidine (α-NPD) as a hole-transport layer, 
tris(8-hydroxyquinoline) aluminum(III) (Alq3) as emissive and electron-transport layer, lithium 
fluoride (LiF: Furuuchi Chemical Co. Ltd, 99.99%) as an electron-injection layer, and 
aluminum (Al: Kojundo Chemical Lab. Co. Ltd., 99.999%) as a cathode material.  All the 
reagents were used as received. 
Hole only devices (HODs) and OLED devices were fabricated on the SAM-modified ITO 
substrate by successive vapor deposition of organic layers, followed by the deposition of LiF 
and Al.  HODs were composed of ITO-SAM/NPD 100 nm/Al 100nm, whereas OLED devices 
were composed of ITO-SAM/NPD 50 nm/Alq3 50 nm/ LiF 0.6 nm/Al 100 nm.  The deposition 
was carried out under 10-5 Pa.  The deposition rates were 3 Å·s−1 for the organic layers and Al, 
and 0.1 Å·s−1 for LiF.  The devices thus fabricated have four active areas with 4 mm2 each.  
Current density−voltage−luminance (J−V−L) characterization was performed using a 
computer-controlled source meter (Source Meter 2400, Keithley Instruments Inc.) equipped 
with a spectroradiometer (SR-3, TOPCON Co.).  The characterization was carried out on all of 
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cd/m2) was much larger than that for the basic condition (<100 cd/m2) at an applied voltage of 6 
V for the devices.  Namely, the luminescence was stronger and more homogeneous for the 
acidic condition than the basic condition.  Figure 5.2 shows the current density−voltage (J−V) 
and luminance−voltage (L−V) characteristics of the two OLEDs shown above (with the SAM 
formation under the acidic and basic conditions).  For each sample, the measurements were 
performed on the four active areas (2 mm x 2 mm) and all the four data are plotted.  The J−V
(Fig. 5.2(a)) and L−V (Fig. 5.2(b)) plots reveal that the acidic condition led to lower turn-on 
voltages and higher luminance than the basic condition.  Moreover, the four data for the basic 
condition were scattered, while those for the acidic condition were more reproducible. Thus, the 
in-plane uniformity of J−V and L−V characteristics highly depends on the catalytic conditions.   
Figure 5.3 shows the J−V plots of HODs for the 0.1, 0.01, and 0.001 M HNO3, and 0.1 and 
0.01 M NH3 catalytic conditions.  The acidic conditions exhibited higher hole-injection 
properties than the basic conditions, as in the case of OLEDs.  In the studied case, the highest 
hole-injection property was achieved with 0.01 M HNO3.  The difference in the hole-injection 
property would be related to the surface morphologies of SAM-modified ITO substrates, as 
discussed below. 
Figure 5.4 shows the AFM images of the SAM-modified ITO substrates prepared with (a) 
acidic (0.01 M HNO3) and (b) basic (0.01 M NH3) catalysts.  In the acidic condition (Fig. 
5.4(a)), the roughness of the SAM was virtually the same as that of the bare ITO, indicating the 
coverage of a homogeneous silane layer on the ITO substrate.  On the other hand, the basic 
condition (Fig. 5.4(b)) resulted in an inhomogeneous formation of coarse particles with the size 
of several micrometers in length and 30 nm in thickness.  This confirms that the different 
luminance in Fig. 5.1 originates from the different homogeneity of the silane layers on the 
respective ITO surfaces.  The contact angle of the modified surface was 93.6 ± 1.8° and 84.4 ±
80 
Fig. 5.2.  (a) J−V and (b) L−V characteristics of the OLEDs composed of ITO-SAM/NPD 
50 nm/Alq3 50 nm/ LiF 0.6 nm/Al 100 nm.  The SAM layers were prepared with 0.01 M 
HNO3 (open circles) and 0.01 M NH3 (closed squares) as catalysts, under the condition of r 
= 15 and CPTES = 250 mM.  The measurements were performed on the four active areas and 
all the data are plotted for both the devices. 
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Fig. 5.3.  J−V characteristics of HODs composed of ITO-SAM/NPD 100 nm/Al 100 nm.  
SAM formation was performed with the condition of r = 10 and CPTES = 250 mM using 
various catalysts; open circles: 0.1 M HNO3, open squares: 0.01 M HNO3, open triangles: 
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0.5° with 0.01 M HNO3 and 0.01 M NH3, respectively, confirming a higher coverage of 
hydrophobic PTES on the ITO substrate under the acidic condition.  The observation of coarse 
particles in Fig. 5.4(b) is explained by the fact that base-catalyzed condensation of silicate 
species produces ramified polymers with widely-distributed molecular weights [27,28].  The 
coarse particles are derived from the well-grown polymeric silicates which are formed on the 
ITO surface and/or attached onto the surface.  On the other hand, acid-catalyzed condensation 
of silicate species is favorable for the formation of homogenous polymer networks [27,28], 
which leads to the coverage of SAM on the ITO surface without segregation.  Moreover, it is 
well-known that the rate of condensation is minimized around isoelectric point (IEP) of 
polymerizing silicates [29,30].  For example, the rate of condensation becomes extremely slow 
at pH = 2.0−2.5 and 4 for silica and methylsilsesquioxane (MeSiO1.5), respectively.  In this 
study, the use of the condition, 0.01 M HNO3, realized a relatively moderate condensation 
reaction of PTES, leading to the formation of a homogeneous silane layer.  
5.3.2.  Dependence of the H2O/PTES ratio, r
Figure 5.5 shows the J−V plots of the HODs at various r values under an acidic (0.01 M 
HNO3) condition.  With an increase of r, the hole-injection property was improved gradually 
from r = 3 to r = 15.  The J increased from 11.9 mA·cm-2 at r = 3 to 219 mA·cm-2 at r = 15 at 
an applied voltage of 6 V.  Further increase in r lowered the hole-injection property.  For 
PTES, r = 1.5 is the stoichiometric condition for hydrolysis and condensation.  However, the 
reactions generally take long reaction times to complete at r = 1.5 [27].  Thus, the excessive 
amount of water (r > 1.5) was required for the complete coverage of the ITO surface for the 
present reaction time, 24 h, and at the present reaction temperature, 40 °C.  The best r was 15 
in this case.  The contact angle was 93.6 ± 1.8° at r = 15 and 79.9 ± 0.5 ° at r = 30.  The 
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Fig. 5.5.  The r-dependence of J−V characteristics of HODs composed of ITO-SAM/NPD 
100 nm/Al 100 nm.  0.01 M HNO3 was used as a catalyst and CPTES = 250 mM for all the 
devices.  closed circle: bare ITO, open circle: r = 3, closed square: r = 6, open square: r = 
10, closed triangle: r = 15, open triangle: r = 20, open rhombus: r = 30. 
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smaller contact angle at r = 30 suggests that the condensation reaction occurred in the solvent 
phase rather than the ITO surface.  The enhanced condensation in the solvent phase can be 
related to the formation of oligomers with the low connectivity to an ITO surface.  A previous 
report [31] revealed that the oligomers with a cage structure tended to form with increasing r in 
organosiloxane sol−gel systems.  Since the oligomers with a cage structure have no 
contribution to the formation of SAMs, they are isolated in solvents.  The 
insufficiently-modified ITO would explain the observed decrease in the hole-injection property 
at r > 15.  Also, the small contact angle at r = 30 would be related to the increased silanols on 
the immobilized modifiers.  An increase in r enhances the hydrolysis of PTES and produces 
hydrophilic silanols more effectively, leading to the small contact angle of ITO surface.  The 
small contact angles provided by the non-condensed silanols are further discussed below based 
on the results of Fig. 5.7.  
5.3.3.  Influence of the PTES concentration, CPTES
Figure 5.6 shows the J−V plots of the HODs at various CPTES values in an acidic (0.01 M 
HNO3) condition at r = 15.  The hole-injection property was improved with an increase of 
CPTES.  The J at applied voltage of 6 V increased from 3.94 to 206 mA·cm-2, as CPTES increased 
from 0 to 250 mM.  Figure 5.7 shows the contact angle, θ, of the SAM-modified ITO surface 
as a function of CPTES.  The θ decreased from CPTES = 0 to 42 mM and increased from CPTES = 
42 to 250 mM.  The decrease in θ in the low CPTES regime suggests the immobilization of 
hydrophilic species on ITO surface.  Since the low CPTES is an insufficient condition for the 
SAM formation, the silane layer unlikely developed on the entire surface of ITO.  Thus, the 
immobilization of hydrolyzed PTES with hydrophilic silanols would decrease θ, as depicted in 
the inset of Fig. 5.7.  In fact, the presence of silanols in silica networks was evidenced in the 
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Fig. 5.6.  Influence of CPTES on J−V characteristics of HODs composed of ITO-SAM/NPD 
100 nm/Al 100 nm; closed circles: 250 mM, open circles: 126 mM, closed squares: 63 mM, 
open squares: 42 mM, closed triangles: 0 mM. 0.01 M HNO3 was used as a catalyst and r = 
15 for all the devices. 
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Fig. 5.7.  Contact angles as a function of CPTES. 
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silica gels prepared under the acid-catalyzed condensations [27,32,33].  Whereas, in the 
condition of CPTES from 42 to 252 mM, θ increased due to the formation of siloxane network 
and the coverage of the ITO surface with the hydrophobic silane layer.  At CPTES = 250 mM, θ
value virtually reached a value expected for the full coverage of PTES [4,34], meaning that 250 
mM is large enough to fully cover the ITO surface. 
In this way, with an appropriate pH (0.01 M HNO3), water amount (r = 15), and PTES 
concentration (CPTES = 250 mM), the acidic condition reproducibly provided a remarkably 
uniform PTES-modified ITO surface, which cannot be achieved in basic conditions.  The 
OLEDs fabricated under this condition exhibited excellent J-V and L-V characteristics.  The 
homogeneous PTES layer covalently-bonded to the ITO surface works as a good compatible 
layer with HTL, helping the hole-injection significantly.  Thus, the acid-catalyzed silanization 
can be a very useful method for the precise modification of ITO substrates for the applications 
to OLED and other electronic devices.  We used THF as a solvent in this work.  PTES forms 
organosiloxane network on ITO with the formula of RSiO1.5 through the hydrolysis and 
condensation reactions.  Due to its hydrophobicity, oligomeric compounds of organosiloxanes 
easily phase separate from an aqueous solution or lower alcohols, resulting in the precipitation 
of amorphous compounds [35,36].  The use of THF as a solvent allows an accurate control of 
the water content without the precipitation of silane compounds.  Although the variation of the 
hole-injection property can be explained on the basis of the coverage of SAM on the ITO 
surface, the thickness of the silane layer should also influence on the hole-injection property; the 
silane layer on the ITO surface works as an insulator, and hence, the formation of a thick silane 
layer is undesirable.  Considering the reaction mechanisms of PTES, the formation of a thick 
silane layer is unavoidable in the case of the base-catalyzed reactions.  Therefore, the 
acid-catalyzed reactions would be preferable also in this sense.  
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5.4.  Conclusions 
By using facile sol−gel route, the conditions for SAM formation on ITO were 
systematically studied.  The relationship between the preparation conditions of SAM and the 
resultant device properties was investigated by using OLEDs and HODs fabricated on 
SAM-modified ITO substrates.  The emissions from OLEDs and the hole-injection properties 
of HODs revealed that the acidic conditions are favorable for the reproducible formation of 
SAM on the ITO surface.  The SAM formation under the acidic conditions allows the 
homogeneous coverage of a silane layer on the ITO substrates, which leads to improved 
hole-injection properties from the anode.  On the other hand, the use of basic conditions results 
in the inhomogeneous coverage of a silane layer on the ITO substrates and the decreased 
hole-injection from the anode.  The choice of r and CPTES also affect the kinetics of hydrolysis 
and condensation reactions of PTES, and hence the resultant SAM structures and hole-injection 
properties.  The hole-injection property of HODs depends on the coverage of SAM on the ITO 
surface; the hole-injection property improved with increased coverage of SAM on the ITO 
surface.  As a result, the highest hole-injection was achieved when SAM formation was 
performed under r = 15 and CPTES = 250 mM, with 0.01 M HNO3 as a catalyst.  The results 
obtained here suggest that the device performance of OLEDs and HODs can improve drastically 
by choosing appropriate SAM formation conditions. 
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Phase Separation Behavior of Regioregular Poly(3-hexylthiophene) 
and [6,6]-Phenyl-C61-Butyric Acid Methyl Ester in Bulk 
Heterojunction Organic Solar Cells Analyzed by Solid-State NMR 
6.1.  Introduction 
Organic solar cells (OSCs) have attracted significant attention for their low-cost solar 
energy conversion.  In extensive research on various OSCs, bulk heterojunction OSCs 
consisting of regioregular poly(3-hexylthiophene-2,5-diyl) (rrP3HT) and 
[6,6]-phenyl-C61-butyric acid methyl ester (PC61BM) have shown excellent performance as 
donors and acceptors, respectively, and have been widely studied (Fig. 6.1) [1-6].  One point of 
interest for the OSC systems is the effect of thermal annealing treatments.  Padinger et al. 
found that the power conversion efficiency (PCE) increases from 0.4 % to 2.5 % by annealing at 
75 °C for 4 min [1].  Ma et al. reported a drastic increase in PCE from 0.8 % to 5.1 % by 
annealing at 150 °C for about 30 min [2].  Similar trends have also been reported in refs 3–6.  
According to these studies, thermal annealing treatment is a very easy and inexpensive way to 
improve the performance of OSCs.  Scientifically, it is important to understand what 









happens in the films during thermal annealing.  Photoelectric conversion occurs via generation 
of excitons through the absorption of light, diffusion of excitons toward donor/acceptor 
interfaces, charge separation at the interface and formation of free carriers (holes and electrons), 
and transport of free carriers toward electrodes.  During the processes, back electron transfer 
(recombination of holes and electrons) also occurs, which degrades the performance of OSCs.  
These processes occur at different size scales.  Therefore, investigation of donor–acceptor 
structures at different size scales is important in understanding the efficiency of OSCs. 
Solid-state nuclear magnetic resonance (NMR) is a useful tool to study local structures in 
organic materials [7].  Recently, it has also been applied to the analysis of materials for organic 
light-emitting diodes [8-10] and organic solar cells [11-14], and it is expected to provide 
important knowledge on the abovementioned thermal annealing effect [13-18].  In this study, 
we investigated the change in the donor–acceptor structure in rrP3HT/PC61BM systems during 
thermal annealing by spin-lattice relaxation measurements in solid-state NMR, which reveals 
the miscibility between rrP3HT and PC61BM at different hierarchical levels.  A clear 
relationship is found between the PCE of the OSC systems and the donor–acceptor structure 
revealed by solid-state NMR. 
6.2.  Experimental procedures 
6.2.1.  Fabrications of Organic solar cells 
Poly(3,4-ethylene dioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) (CLEVIOS™ P 
VP AI 4083, HC Starck) was spin-coated with 40 nm thickness from aqueous solution on 
indium–tin–oxide (ITO) substrate (the thickness of the ITO was 150 nm).  The substrate was 
dried at 110 °C for 30 min in vacuum.  An active layer of 120 nm, consisting of rrP3HT and 
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PC61BM at a weight ratio of 1:1, was spin-coated on the PEDOT:PSS layer using chloroform.  
The molar ratio of the monomer unit of rrP3HT and PC61BM was 4.4:1.  Here, the as-cast 
sample is referred to as the nonannealed sample.  For annealed samples, the ITO substrates 
with the PEDOT:PSS and the active layers were isothermally annealed at 150 °C for 5, 15, and 
30 min in vacuum.  Subsequently, 0.6 nm of lithium fluoride (LiF) and a 100 nm thick Al 
electrode were deposited onto the active layer of the nonannealed and the three annealed 
samples in this order by thermal evaporation at 2.5 × 10–5 Pa.  The current density–voltage (J–
V) characteristics of the OSCs were measured using a solar simulator (OTENTOSUN II) under 
100 mW cm–2 white-light illumination (air mass 1.5 conditions). 
6.2.2.  Sample preparations 
Samples for wide-angle X-ray diffraction (WAXD) and solid-state NMR experiments were 
prepared by drop casting a mixed solution of 1:1 (w/w) rrP3HT:PC61BM in chloroform onto a 
Petri dish and drying at room temperature.  Annealed samples were isothermally annealed at 
150 °C for 5, 15, and 30 min under an N2 atmosphere.  The nonannealed and annealed films 
were scraped off using a sharp blade and approximately 300 mg of the samples were obtained 
for the respective films.  Nonannealed films and films isothermally annealed at 150 °C for 30 
min consisting only of rrP3HT (pure rrP3HT) or only of PC61BM (pure PC61BM) were also 
prepared by the same procedure. 
6.2.3.  Structural analyses 
WAXD data were recorded at room temperature on a Rigaku RINT 2000 diffractometer 
using Cu-Kα radiation and operating at 300 mA and 40 kV.  Solid-state NMR measurements 
were conducted on a Chemagnetics CMX-400 Infinity spectrometer operating under a static 
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magnetic field of 9.4 T.  A double-resonance probe with a 7.5 mm magic-angle spinning 
(MAS) probehead was used.  1H and 13C field strengths γ B1/2π of 62.5 kHz were used for all 
pulses.  The MAS spinning speed was set to 6 kHz and the experiments were carried out at 23 
°C.  The 1H spin-lattice relaxation times in the laboratory frame (T1H) and those in the rotating 
frame (T1ρH) were measured employing the saturation recovery method and by applying a 1H 
spin-locking pulse before the cross-polarization (CP) process of the standard CP/MAS pulse 
sequence, respectively, as described in Section 6.2.4.  The T1H and T1ρH experiments reveal 
miscibility on the order of several tens of nanometers and on the order of several nanometers, 
respectively [15-17].  Typical thicknesses of OSCs in the thin films are about 100 nm.  
Diffusion lengths of excitons in OSCs are considered to be ~8.5 nm [19].  The length of the 
monomer unit of rrP3HT and the dimension of PC61BM are roughly 0.4 and 1.0 nm, 
respectively.  T1H and T1ρH experiments are important to understand the performance of OSCs 
because the dimensions analyzed in these experiments are related to percolation path lengths 
toward the electrodes, exciton diffusion lengths, charge separations (charge transfer), and back 
electron transfer (recombination of holes and electrons). 
6.2.4.  Pulse sequences and analysis of T1H and T1ρH experiments 
Pulse sequences used in this study for T1H and T1ρH experiments are shown in Fig. 6.2.  
The T1H experiments were carried out employing the saturation recovery method, and the signal 
intensity M(τ) relaxes as a function of time τ, from zero to ( )M M τ
∞
= = ∞ , according to 
1H
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This equation can be rewritten as 
1H





− = −⎜ ⎟
⎝ ⎠
,      (6.2) 
and the values of T1H are obtained from plots of ( )log 1 ( ) /M Mτ ∞−  versus τ. 
In the T1ρH experiments, the signal intensity M(τ) decays as a function of time τ, according 
to the following equation in the case of single exponential decays 
0
1 H








,      (6.3) 
Fig. 6.2.  Pulse sequences for (a) T1H (saturation recovery) and (b) T1ρH experiments. 
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where 0 ( 0)M M τ= = .  The values of T1ρH are obtained from the plots of ( )0log ( ) /M Mτ
versus τ.  However, in this study, the relaxation behavior for the T1ρH experiments could not be 
explained by a single exponential decay, and introduction of the distribution of correlation times 
was necessary for the analysis.  Therefore, we introduced the correlation time distribution 














,      (6.4) 
where β represents the breadth of the distribution (0 < β ≤ 1). 
6.2.5.  Estimation of domain sizes 
Domain sizes, r , estimated by a spin diffusion equation 
( )H16 ρ= DTr ,       (6.5) 
where D is the spin-diffusion coefficient, and T1(ρ)H is the relaxation times obtained by the T1H
and T1ρH experiments. 
6.2.6.  Effect of molecular dynamics 
T1H and T1ρH values are affected not only by miscibility but also by molecular dynamics.  
Therefore, we should also consider the effect of dynamics.  To eliminate the effect of 
miscibility and consider the effect of dynamics solely, we calculated the average relaxation 
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behavior for rrP3HT and PC61BM.  The average of the T1(ρ)H values for rrP3HT and PC61BM, 
T1(ρ)H, average, was obtained with the equation:

















,  (6.6) 
where NrrP3HT is the number of protons in rrP3HT monomer, 14, NPC61BM is the number of 
protons in PC61BM, 14, T1(ρ)H, rrP3HT is the 1H spin-lattice relaxation time of rrP3HT, and T1(ρ)H, 
PC61BM is the 1H spin-lattice relaxation time of PC61BM.  For the T1ρH experiments, the values of 
β are also averaged. 
6.3.  Results and discussion 
6.3.1.  OSCs performance with different thermal annealing times 
Figure 6.3 shows current density–voltage characteristics of the OSCs.  Photoelectric 
conversion characteristics are also summarized in Table 6.1.  Without annealing, the OSCs 
have a short-circuit current density (Jsc) of 2.42 mA/cm2, an open-circuit voltage (Voc) of 0.65 V, 
and a fill factor (FF) of 0.42, which results in PCE of 0.67 %.  The OSC characteristics 
drastically increase with annealing for only 5 min; Jsc and FF increase to 8.59 mA/cm2 and 0.58, 
respectively.  Although Voc decreases to 0.53 V, the PCE significantly increases to 2.65 %.  
Compared with the drastic increase, the PCE values were similar to those obtained with further 
annealing (2.87 % and 2.36 % with 15 min and 30 min annealing, respectively). 
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Fig. 6.3.  Current density–voltage characteristics obtained from rrP3HT/PC61BM bulk 
heterojunction OSCs under AM 1.5 illumination at an irradiation intensity of 100 mW/cm2.  
The annealing times are shown in the figure. 
Table 6.1.  Summary of photoelectric conversion characteristics for rrP3HT/PC61BM. 
Annealing time 
/ min 
Jsc / mA·cm-2 Voc / V FF PCE / % 
0 
(Nonannealed)
2.42 0.65 0.42 0.67 
5 8.59 0.53 0.58 2.65 
15 8.77 0.55 0.59 2.87 
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Fig. 6.4.  WAXD profiles of rrP3HT/PC61BM blends: (a) nonannealed, annealing at 150 
°C for (b) 5 min, (c) 15 min, and (d) 30 min. 
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6.3.2.  Change of structural order in rrP3HT/PC61BM by thermal annealing 
The origin of the effect of the thermal annealing was investigated in WAXD experiments.  
Figure 6.4 shows the experimental WAXD profiles of the nonannealed and annealed samples in 
rrP3HT/PC61BM.  A definite change is found at a diffraction angle of ~19°; the diffraction 
becomes significantly sharp with the first 5 min of annealing.  The diffraction at ~19° purely 
originates from the PC61BM, as shown in Fig. 6.5(a).  Therefore, the obvious change in Fig. 
6.4(a) and (b) is related to some structural order of PC61BM aggregates.  Compared with the 
drastic change, the change for rrP3HT is small.  The diffractions at ~6°, which originate from 
rrP3HT (Fig. 6.5(b)), become only slightly sharp with annealing (the half-widths are 1.01°, 
0.83°, 0.78°, and 0.77° for the annealing times of 0, 5, 15, and 30 min, respectively). 
6.3.3.  Development of phase-separation by thermal annealing 
Figure 6.6 shows the results of T1H experiments for the nonannealed and annealed samples.  
For the nonannealed samples (Fig. 6.6(a)), the T1H relaxation behaviors of rrP3HT and PC61BM 
agree with each other within experimental error; the T1H values are 0.84 ± 0.01 s for both 
rrP3HT and PC61BM.  This indicates that rrP3HT and PC61BM are mixed with each other on 
the order of several tens of nanometers.  The size range, r , is calculated using the diffusion 
equation, the spin-diffusion coefficients (rrP3HT: 0.3 nm2/ms, PC61BM: 0.05 nm2/ms) [13], and 
the T1H values.  The size is estimated to be 16–40 nm; the details are given in Table 6.2.  The 
agreement of the T1H values for rrP3HT and PC61BM indicates that the two constituents are 
homogeneously mixed within the 16–40 nm size range and no detectable domains larger than 
those are present in the nonannealed sample.  The relaxation behaviors drastically change with 
isothermal annealing for only 5 min.  As shown in Fig. 6.6(b), rrP3HT and PC61BM in the 
sample annealed at 150 °C for 5 min have significantly different T1H relaxation behaviors.  
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Fig. 6.6.  T1H relaxation curves of rrP3HT (open squares) and PC61BM (open circles) 
components in rrP3HT/PC61BM blends; (a) nonannealed, annealed at 150 °C for (b) 5 min, 
(c) 15 min, and (d) 30 min.  The average relaxation curves for rrP3HT and PC61BM are 
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The T1H values of rrP3HT and PC61BM are 0.81 and 1.60 s, respectively.  This result clearly 
indicates that a phase-separated heterogeneous structure develops with annealing for only 5 min.  
The rrP3HT-rich and PC61BM-rich domains larger than 16–40 nm form in the films.  Further 
development of the phase separation is expected with annealing for 15 and 30 min (Fig. 6.6(c) 
and (d)).  The T1H values of rrP3HT (0.79 s and 0.76 s for 15 and 30 min of annealing) come 
close to that of pure rrP3HT (0.73 s for annealing at 150 °C for 30 min).  Similarly, the T1H
values of PC61BM (1.77 s and 2.01 s for 15 and 30 min of annealing) come close to that of pure 
PC61BM (2.29 s for annealing at 150 °C for 30 min).  However, the change from 5 to 30 min of 
annealing is small compared with that from 0 to 5 min.  It is found that the structural change in 
this size range is closely related to the change in OSC performance shown in Fig. 6.3.  The 
formation of rrP3HT-rich and PC61BM-rich domains with 5 min annealing provides effective 
percolation paths for charge transport toward the electrodes.  The phase separation is 
considered to contribute also to quenching the back electron transfer.  These effects act as the 
improvement in cell performance, especially Jsc.  Further phase separation would provide 
larger domains with decreased interfacial area, which may annihilate the excitons before they 
Table 6.2.  Domain sizes observed in T1H experiments. 
Components 
Domain sizes / nm 
Nonannealed 
Annealed at 150 °C 
5 min 15 min 30 min 
rrP3HT 39 38 38 37 
PC61BM 16 22 23 25 
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reach the donor–acceptor interfaces and also prohibit the generation of free carriers.  However, 
the PCE does not decrease significantly with annealing up to 30 min and the undesirable effects 
are not observed.  Such effects, which decrease the PCE, would appear at longer annealing 
times and/or higher annealing temperatures.  The average T1H values are 0.83, 0.88, 0.86, and 
0.85 s when annealing for 0, 5, 15, and 30 min, respectively, and no obvious change in the 
dynamics is found. 
Figure 6.7 shows the results of T1ρH experiments.  In the experiments, the relaxation 
behavior cannot be explained by a single exponential decay, and a distribution of correlation 
times is required for the analysis by the KWW function, as described in Section 6.2.4.  All the 
data in Fig. 6.7 were well reproduced by the KWW function with similar β values (0.8–0.9; the 
details are given in Table 6.3.).  Different from the above T1H experiments, rrP3HT and 
PC61BM in the nonannealed sample had different T1ρH relaxation behaviors (Fig. 6.7(a)).  This 
indicates that rrP3HT and PC61BM are phase separated even in the nonannealed samples on the 
order of several nanometers.  The size range corresponding to the T1ρH experiments was 
estimated to be 2–7 nm from the spin diffusion equation, spin-diffusion coefficients, and the 
above T1ρH values (the details are given in Table 6.4.).  Figure 6.7(b)–(d) shows the results of 
T1ρH experiments for the annealed samples.  Although the T1ρH value of rrP3HT changes from 
23 to 31 ms with the first annealing of 5 min, the relaxation behaviors essentially remain the 
same, irrespective of annealing up to 30 min.  The T1ρH values of the respective components in 
the blend samples are close to those of single-component samples annealed for 30 min (28 and 
18 ms for pure rrP3HT and pure PC61BM, respectively).  This confirms that rrP3HT and 
PC61BM are phase separated on the 2–7 nm scale irrespective of the annealing condition.  The 
average T1ρH values are 21, 25, 27, and 26 ms for the 0, 5, 15, and 30 min annealed samples, 
respectively.  Little dynamic change is observed for the averaged T1ρH values, except for the 
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Fig. 6.7.  T1ρH relaxation curves of rrP3HT (open squares) and PC61BM (open circles) 
components in rrP3HT/PC61BM blends; (a) nonannealed, annealed at 150 °C for (b) 5 min, 
(c) 15 min, and (d) 30 min.  The average relaxation curves for rrP3HT and PC61BM are 
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first 5 min of annealing.  Only for the first 5 min of annealing is a slight increase in the 
averaged T1ρH value found (from 21 to 25 ms).  The origin is the change in dynamics of 
rrP3HT; T1ρH for rrP3HT increases from 23 to 31 ms whereas that for PC61BM remains almost 
unchanged (from 15 to 13 ms), indicating that the molecular motion of rrP3HT is slightly 
restricted by the 5 min of annealing.  The restricted molecular motion may also slightly 
contribute to the change in PCE.   
. 
Table 6.4.  Domain sizes observed in T1ρH experiments. 
Components 
Domain sizes / nm 
Nonannealed 
Annealed at 150 °C 
5 min 15 min 30 min 
rrP3HT 6.4 7.4 7.4 7.3 
PC61BM 2.1 2.0 2.3 2.2 




Annealed at 150 °C 
5 min 15 min 30 min 
rrP3HT 0.86 0.87 0.86 0.86 
PC61BM 0.85 0.77 0.86 0.79 
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6.4  Conclusions 
In summary, we investigated the change in the donor–acceptor heterojunction structure of 
rrP3HT/PC61BM OSC systems during annealing mainly through solid-state NMR.  The 
structures at different hierarchical levels, which are considered to be related to charge separation, 
back electron transfer, exciton diffusion, and charge transport, were analyzed in T1ρH and T1H
experiments.  The phase-separated structure analyzed in T1ρH experiments does not 
significantly change with annealing.  In contrast, it is clearly found in the T1H experiments that 
a phase-separated heterojunction structure develops on the order of several tens of nanometers 
through thermal annealing of the rrP3HT/PC61BM systems.  The structure change provides 
percolated carrier paths and can accelerate charge transport in OSCs.  The phase-separated 
structure is also expected to prohibit back electron transfer.  This results in the improvement of 
the JSC and hence the PCE. 
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Solid-State NMR Analysis of Donor/Acceptor Bulk Heterojunction 
Structures in Organic Solar Cells: Importance of Side Chain Lengths 
in Donor Polymers 
7.1.  Introduction 
Organic solar cells (OSCs) could potentially reduce the dependence on the fossil fuel.  
Among them, polymer bulk-heterojunction OSCs (polymer BHJ solar cells), which consist of 
donor polymers and acceptors, have attracted attention as a low-cost energy source because of 
easy fabrications of wet processes [1-14].  In donor polymers, alkyl side-chain substituents are 
certainly attached in main chain to improve the solubility in organic solvents [15-18].  Longer 
alkyl side-chains lead to the higher solubility, and probably affect the carrier mobility.  
Extensive research has been carried out on polymer BHJ solar cells to improve power 
conversion efficiencies (PCEs).  Among the conclusions, the thermal annealing treatment is 
easy and inexpensive way to improve the PCE [19-25].  The effects of alkyl side chain and the 
thermal annealing treatment on PCE are important topics in polymer BHJ solar cells.  OSCs 
work via sun-light absorption, generation of excitons, diffusion of excitons, charge separation 
between donor and acceptor interfaces, charge transport toward electrodes, and pass through an 
external circuit.  The photoelectric conversion process occurs at different size scales.  
Therefore, it is essential for understanding the above effects on polymer BHJ solar cells to 
investigate the donor-acceptor structures. 
In this chapter, the effect of alkyl side-chain lengths of the donor polymers on the 
photoelectric conversion characteristics and on the BHJ structures during isothermal annealing 
was investigated by same analyses in chapter 6.  As the donor polymers, three types of 
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regioregular poly(3-alkylthiophene-2,5-diyl) (rrP3AT) with different alkyl side-chain lengths 
were used; regioregular poly(3-butylthiophene-2,5-diyl) (rrP3BT), 
poly(3-hexylthiophene-2,5-diyl) (rrP3HT), and poly(3-dodecylthiophene-2,5-diyl) (rrP3DDT).  
PC61BM was used as acceptor.  The materials are shown in Fig. 7.1.  From this study, it is 
found that the alkyl side-chains significantly affect the donor-acceptor phase-separated 
structures, which result in the change of photoelectric conversion characteristics. 
7.2.  Experimental procedures 
7.2.1.  Fabrication of polymer BHJ solar cells 
Regioregular (rr) P3BT, rrP3HT, and rrP3DDT were purchased from Aldrich Chemical Co. 
PC61BM was also purchased from Frontier Carbon Co.  Poly(3,4-ethylene 
dioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) (CLEVIOS™ P VP AI 4083, HC Starck) 
was spin-coated with 40 nm thickness from aqueous solution on indium–tin–oxide (ITO) 
substrates.  The thickness of the ITO was 150 nm.  ITO substrate with spin-coated 
PEDOT:PSS were dried at 110 °C for 30 min in vacuum and were used for all the devices in this 
study.  An active layer consisting of rrP3AT and PC61BM at a weight ratio of 1:1, was 
spin-coated with the thickness of 110 nm on the PEDOT:PSS layer using chloroform as a 
solvent.  For annealed samples, the ITO substrates with the PEDOT:PSS and the active layer 
were isothermally annealed at 150 °C for designated times in vacuum.  Subsequently, a 0.6 nm 
of lithium fluoride (LiF, 4N grade, Kojundo Chemical Lab. Co., Ltd.) and a 100 nm thick 
aluminium (Al, 5N grade, Kojundo Chemical Lab. Co., Ltd.) electrode were deposited onto the 
active layer of all the devices in this study by vacuum evaporation at < 4.0×10–5 Pa.  The 
current density–voltage (J–V) characteristics of the polymer BHJ solar cells were measured 
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using a solar simulator (OTENTOSUN II, BUNKOUKEIKI Co. Ltd.) under 100 mW/cm2
white-light illumination (air mass 1.5G illumination). 
7.2.2.  Structural analyses 
  Samples for wide-angle X-ray diffraction (WAXD) and solid-state NMR experiments 
were prepared by drop casting of rrP3AT/PC61BM mixed solution with 1:1 wt% on a glass 
substrate using chloroform as a solvent.  Here, the as-casted sample is referred to as the 
nonannealed sample.  Annealed samples were isothermally annealed at 150 oC at designated 
times in vacuum.  Pure rrP3BT, pure rrP3HT, pure rrP3DDT, and pure PC61BM samples were 
also prepared by the same procedure.  WAXD data were recorded at room temperature on a 
Rigaku RINT 2000 diffractometer using Cu-Kα radiation and operating at 300 mA and 40 kV.  
Solid-state NMR measurements were conducted on a Bruker AVANCEIII 400 MHz 
spectrometer operating under a static magnetic field of 9.4 T.  A double-resonance probe with a 
4.0 mm magic-angle spinning (MAS) stator was used.  The above samples were scrapped off 
using a sharp blade and were packed into zirconia rotors.  1H and 13C radiofrequency (rf) field 
strengths γ B1/2π of 80 kHz were used for all pulses.  The MAS spinning speed was set to 15 
kHz and the experiments were carried out at 300 K.  The 1H spin-lattice relaxation times in the 
rotating frame (T1ρH) were measured by applying a 1H spin-locking pulse before the 
cross-polarization (CP) process of the standard CP/MAS pulse sequence.  The 1H spin-lattice 
relaxation times in the laboratory frame (T1H) were measured employing the saturation recovery 
method.  The pulse sequences for the T1ρH and T1H experiments are shown in Section 6.2.4. 
7.2.3.  Optical and electrochemical measurements 
Samples for optical and electrochemical measurements were prepared by spin-coating on 
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fused quartz substrates.  Annealed samples were isothermally annealed at 150 oC at designated 
times in vacuum.  UV-vis absorption spectra were measured using a Shimazu UV-3600.  
Optical band gaps (Eg) were estimated from the lowest-energy absorption edge of the UV-vis 
absorption spectra of pure rrP3ATs and pure PC61BM.  Ionization potentials were determined 
by an atmospheric ultraviolet photoelectron spectroscopy (AC-3, RIKEN KEIKI Co., Ltd.) for 
pure rrP3ATs and pure PC61BM. 
7.2.4.  Estimation of hole mobility by space-charge-limited current measurement 
Hole mobilities of rrP3BT, rrP3HT, and rrP3DDT were estimated in a space-charge-limited 
current regime at J-V characteristics.  Hole only devices were composed of ITO 150 nm / 
PEDOT:PSS 20 nm / rrP3ATs (rrP3BT, rrP3HT, and rrP3DDT) / Al 100 nm.  The thickness of 
rrP3AT layer was 0.24, 0.37, and 0.32 μm for rrP3BT, rrP3HT, and rrP3DDT, respectively.  
PEDOT:PSS layer was spin-coated on ITO substrate as a hole-injection and electron-blocking 
layer.  rrP3ATs layer were spin-coated on the PEDOT:PSS layer using chloroform as a solvent.  
The ITO substrates with the PEDOT:PSS and rrP3AT were isothermally annealed at 150 oC for 
30 min in vacuum.  Subsequently, 100 nm of Al was deposited on the rrP3AT layer by vacuum 
evaporation at a pressure of 10–5 Pa.  J–V characteristics of the HODs were measured with a 
source measure unit (Keithley 2400).  Personal-computer based software for device 
characterization was kindly provided by Keithley Instruments K. K. Japan. 
7.3.  Results and Discussion 
7.3.1.  Photoelectric conversion characteristics of rrP3AT/PC61BM systems 
Fig. 7.2 show current density–voltage characteristics of the polymer BHJ solar cells for 
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Fig. 7.2.  Current density–voltage characteristics of polymer BHJ solar cells obtained from 
(a) rrP3BT/PC61BM, (b) rrP3HT/PC61BM, and (c) rrP3DDT/PC61BM mixtures under AM 
1.5G illumination at an irradiation intensity of 100 mW/cm2.  The annealing times are 











































time / min 
Jsc / mA·cm-2 Voc / V FF PCE / % 
rrP3BT 
0 
(Nonannealed) 0.54 0.50 0.30  0.08  
5 1.57 0.55 0.38  0.32  
15 1.56 0.53 0.39  0.32  
30 1.56 0.53 0.40  0.33  
45 3.61 0.61 0.42  0.91  
60 3.45 0.6 0.40  0.83  
rrP3HT 
0 
(Nonannealed) 1.81 0.66 0.32 0.38 
5 7.57 0.61 0.47 2.18 
15 7.36 0.61 0.49 2.21 
30 7.49 0.61 0.46 2.09 
45 7.15 0.62 0.43 1.91 
rrP3DDT 
0 
(Nonannealed) 2.86 0.58 0.20 0.33 
5 0.43 0.51 0.44 0.10 
15 0.32 0.50 0.44 0.07 
30 0.36 0.50 0.44 0.08 
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rrP3BT/PC61BM, rrP3HT/PC61BM, and rrP3DDT/PC61BM systems under AM 1.5G 
illumination at an irradiation intensity of 100 mW/cm2.  The performances of polymer BHJ 
solar cells are summarized in Table 7.1.  For rrP3BT/PC61BM system, polymer BHJ solar cells 
without annealing have a short-circuit current density (JSC) of 0.54 mA/cm2, an open-circuit 
voltage (VOC) of 0.50 V, and a fill factor (FF) of 0.30, which results in PCE of 0.08 %.  By 
annealing for 5 min, the PCE increases to 0.32 % mainly due to the increase of JSC of 1.57 
mA/cm2.  The PCE values remain almost the same with annealing up to 30 min (0.32 % and 
0.33 % with 15 min and 30 min annealing, respectively).  Interestingly, the PCE value further 
increases to 0.91 % by prolonged annealing of 45 min.  For rrP3HT/PC61BM system (Fig. 
7.2(b)), the characteristics of nonannealed device show JSC of 1.81 mA/cm2, VOC of 0.66 V, and 
the FF of 0.32, which results in PCE of 0.38 %.  By annealing for 5 min, the photoelectric 
conversion characteristics drastically change; JSC of 7.57 mA/cm2, VOC of 0.61 V, and the FF of 
0.47.  Although the VOC decreases to 0.61, the PCE increases from 0.38 to 2.18 % by the 5 min 
of annealing.  Polymer BHJ solar cells with annealing for 15 min show the highest PCE of 
2.21 %.  The PCEs are found to decrease by further annealing; the PCE values with annealing 
for 30 min and 45 min are 2.09 % and 1.91 %, respectively.  Different from the above two 
systems, the increase of the PCE values is not observed for rrP3DDT/PC61BM system (Fig. 7.2 
(c)).  The PCE of 0.33 % for the nonannealed solar cell nearly the same and larger compared to 
these for rrP3HT/PC61BM and rrP3BT/PC61BM systems (0.38 and 0.08 %).  However, the PCE 
value decreases for 0.38 to 0.10 % by 5min of annealing and remains low by further annealing.  
As shown above the difference of alkyl side-chains alters the performance of polymer BHJ solar 
cells, although the polymer main chains of donor and acceptors in these systems are the same.  
To reveal the origin of the drastic effect of side-chains, solid-state NMR experiments as well as 
WAXD, UV-vis absorption, carrier mobility measurements were carried out. 
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Fig. 7.3.  WAXD profiles and change of diffraction intensities in rrP3BT/PC61BM (a, b), 
rrP3HT/PC61BM (c, d), and rrP3DDT/PC61BM films (e, f) as a function of thermal annealing 
time; open squares: rrP3AT, open circles: PC61BM. 
(a) (b)
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7.3.2.  Development of structural order by thermal annealing 
Figure 7.3 shows the experimental WAXD profiles of nonannealed and annealed 
rrP3AT/PC61BM blend samples.  The experimental WAXD profiles for pure rrP3ATs and pure 
PC61BM annealed at 150 °C for 60 min were also shown for comparison.  For rrP3BT/PC61BM 
system (Fig. 7.3 (a)), the diffractions at ~ 7° and ~19° originate from the rrP3BT and the 
PC61BM, respectively.  By annealing for 5 min, the diffractions of rrP3BT become narrower; 
the half-widths are change from 1.84° to 1.22°.  Annealing time dependences of diffraction 
intensities for rrP3BT and PC61BM are shown in Fig. 7.3 (b).  The intensity of rrP3BT 
increases 1.5 times by 5 min of annealing and becomes almost plateau by further annealing.  
The result indicates that some ordering of rrP3BT occurs in the blend films with 5 min of 
annealing.  In contrast, the diffractions of PC61BM are almost unchanged irrespective of 
annealing times.  Structure orderings of rrP3HT/PC61BM and rrP3DDT/PC61BM systems are 
different from that of rrP3BT/PC61BM system.  As shown in Figs. 7.3 (c) and (d), the 
diffraction at ~ 5° originate from the rrP3HT becomes narrower and stronger; the half-width and 
the diffraction intensity are change from 0.84° to 0.56° and increase 1.5 times by 5 min of 
annealing, respectively.  The diffraction of PC61BM drastically changes.  The diffraction 
profile and intensity becomes significantly sharp and increase 2 times by annealing only for 5 
min, respectively.  For rrP3DDT/PC61BM system (Figs. 7.3 (e) and (f)), the half-width and the 
diffraction intensity of rrP3DDT at ~ 3° are change from 0.52° to 0.40° and increase 1.7 times 
by 5 min of annealing, respectively.  The intensity of PC61BM becomes increase 1.8 times by 
annealing.  From WAXD experiments, it is found that structure ordering of PC61BM in 
rrP3BT/PC61BM system does not develop irrespective of annealing times, although ordering of 
rrP3BT occurs by annealing only for 5 min.  Different from the rrP3BT/PC61BM system, 
structure ordering occurs by 5 min of annealing for both of rrP3HT/PC61BM and 
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rrP3DDT/PC61BM systems. 
7.3.3.  Phase-separation behaviors during thermal annealing 
Figure 7.4 shows the results of T1ρH experiments for the nonannealed and annealed samples 
in rrP3BT/PC61BM system.  It is found that rrP3BT and PC61BM have different T1ρH relaxation 
behaviors irrespective of annealing times.  This result indicated that rrP3BT and PC61BM are 
phase-separated on the order of several nanometers for all samples.  Figures 7.5 and 7.6 show 
the results T1ρH experiments of rrP3HT/PC61BM and rrP3DDT/PC61BM systems, respectively.  
Similar to the case of the rrP3BT/PC61BM system, rrP3HT/PC61BM and rrP3DDT/PC61BM 
systems are phase-separated irrespective of annealing times.  The domain sizes analyzed in 
T1ρH experiments can be estimated to be 2–8 nm by the same method in chapter 6, and the 
details are summarized in Table 7.2. 
Figure 7.7 shows the results of T1H experiments for rrP3BT/PC61BM samples.  For the 
nonannealed sample (Fig. 7.7(a)), the T1H relaxation of rrP3BT and PC61BM whose T1H values 
are 1.03 s and 1.04 s, respectively, agree with each other unlike the results of T1ρH experiments.  
The domain sizes analyzed in T1H experiments can be estimated to be 20–40 nm, and the details 
are summarized in Table 7.3.  The above results indicate that rrP3BT and PC61BM are 
homogeneously mixed in the 20–40 nm size range and no detectable domains larger than those 
are present in the nonannealed sample.  The T1H relaxation behaviors remain the same until 30 
min of annealing (Fig. 7.7 (b)–(d)).  For 45 min of annealing, the relaxation behaviors change.  
As shown in Fig. 7.7 (e), rrP3BT and PC61BM in the sample annealed for 45 min show different 
T1H values, 1.03 and 1.18 s, respectively.  This result indicates that a phase-separation start by 
annealing for 45 min.  By 60 min of annealing, the phase-separated structure develops. 
Figure 7.8 shows the results of T1H experiments for nonannealed and annealed 
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Fig. 7.4.  T1ρH relaxation behaviors of rrP3BT (open squares) and PC61BM (open circles) 
components in rrP3BT/PC61BM systems; (a) nonannealed, annealed at 150 °C for (b) 5 min, 
(c) 15 min, (d) 30 min, (e) 45 min, and (f) 60 min.  T1ρH values are written in each figures. 











































































































Fig. 7.5.  T1ρH relaxation behaviors of rrP3HT (open squares) and PC61BM (open circles) 
components in rrP3HT/PC61BM systems; (a) nonannealed, annealed at 150 °C for (b) 5 min, (c) 
15 min, (d) 30 min, and (e) 45 min.  T1ρH values are written in each figures.  T1ρH relaxation 


























































































Fig. 7.6.  T1ρH relaxation behaviors of rrP3DDT (open squares) and PC61BM (open circles) 
components in rrP3DDT/PC61BM systems; (a) nonannealed, annealed at 150 °C for (b) 5 min, 
(c) 15 min, and (d) 30 min.  T1ρH values are written in each figures.  T1ρH relaxation 








































































Table 7.2.  Domain sizes observed in T1ρH experiments. 
 Domain size / nm 
 rrP3BT/PC61BM rrP3HT/PC61BM rrP3DDT/PC61BM 
Annealed at 150 °C rrP3BT PC61BM rrP3HT PC61BM rrP3DDT PC61BM
0 min (Nonannealed) 6.3 2.4 7.4 2.4 6.2 2.8 
5 min 7.2 2.7 7.6 2.5 7.5 2.9 
15 min 7.2 2.7 7.9 2.5 7.5 2.9 
30 min 7.4 2.9 7.9 2.5 7.7 2.7 
45 min 7.5 2.9 7.9 2.6   
60 min 7.5 2.9     
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Fig. 7.7.  T1H relaxation behaviors of rrP3BT (open squares) and PC61BM (open circles) 
components in rrP3BT/PC61BM blends; (a) nonannealed, annealed at 150 °C for (b) 5 min, 
(c) 15 min, (d) 30 min, (e) 45 min, and (f) 60 min.  T1H values are written in each figures.  
T1H relaxation behaviors of pure rrP3BT and pure PC61BM with annealed 150°C for 60 min 
are also shown as broken lines for references. 





















































































































Table 7.3.  Domain sizes observed in T1H experiments. 
 Domain size / nm 
 rrP3BT/PC61BM rrP3HT/PC61BM rrP3DDT/PC61BM 
Annealed at 150 °C rrP3BT PC61BM rrP3HT PC61BM rrP3DDT PC61BM
0 min (Nonannealed) 43 18 40 17 40 21 
5 min 43 18 40 18 39 23 
15 min 43 18 39 19 39 24 
30 min 43 18 39 20 38 25 
45 min 43 19 39 24   
60 min 42 19     
130 
rrP3HT/PC61BM samples.  For the nonannealed sample (Fig. 7.8(a)), the T1H relaxation 
behaviors of rrP3HT and PC61BM agree with each other; the T1H values of rrP3HT and PC61BM 
are 0.91 s and 0.93 s, respectively.  The domain sizes of rrP3HT/PC61BM are estimated to be 
20–40 nm, as shown in Table 7.3.  The result in Fig. 7.8 (a) indicates that rrP3HT and PC61BM 
are homogeneously mixed within the 20–40 nm size range.  Different from the above 
rrP3BT/PC61BM system, the relaxation behaviors change with annealing for only 5 min for the 
rrP3HT/PC61BM system, as shown in Fig. 7.8 (b); the rrP3HT and PC61BM in the sample 
annealed for 5 min have different T1H values of rrP3HT and PC61BM, which are 0.88 s and 1.14 
s, respectively.  The phase-separation further develops with annealing for 15, 30, and 45 min 
(Fig. 7.8 (c), (d), and (e)). 
Figure 7.9 shows the results of T1H experiments for rrP3DDT/PC61BM samples.  The T1H
relaxation behaviors of the nonannealed rrP3DDT/PC61BM system are different from the above 
two systems; rrP3DDT and PC61BM are phase-separated already in the nonannealed samples on 
the size of 20–40 nm, as shown in Fig. 7.9.  The phase-separation further develops by longer 
annealing time.  The T1H values of rrP3DDT in rrP3DDT/PC61BM system are 0.85, 0.84, and 
0.81 s for 5, 15, and 30 min, respectively, and those of PC61BM are also 1.76, 1.84, and 2.04 s 
for 5, 15, and 30 min, respectively (Fig. 7.9(b)–(d)). 
7.3.4.  Optical and electrochemical properties of pure rrP3ATs, pure PC61BM, and 
rrP3AT/PC61BM blends 
Figure 7.10 shows UV-vis absorption spectra of pure rrP3ATs and pure PC61BM.  The 
influence of alkyl side-chain length on optical property is observed in Fig. 7.10 (a).  A 
wavelength of maximum absorption (λmax) in pure rrP3BT is 497 nm.  The λmax of rrP3HT and 
rrP3DDT are almost same, 517 nm.  Vibronic progressions are found at ~550 nm and ~620 nm 
131 
Fig. 7.8.  T1H relaxation behaviors of rrP3HT (open squares) and PC61BM (open circles) 
components in rrP3HT/PC61BM blends; (a) nonannealed, annealed at 150 °C for (b) 5 min, 
(c) 15 min, (d) 30 min, and (e) 45 min.  T1H values are written in each figures.  T1H
relaxation behaviors of pure rrP3HT and pure PC61BM with annealed 150°C for 60 min are 
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Fig. 7.9.  T1H relaxation behaviors of rrP3DDT (open squares) and PC61BM (open circles) 
components in rrP3DDT/PC61BM blends; (a) nonannealed, annealed at 150 °C for (b) 5 min, 
(c) 15 min, and (d) 30 min.  T1H values are written in each figures.  T1H relaxation 
behaviors of pure rrP3DDT and pure PC61BM with annealed 150°C for 60 min are also 
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for both the rrP3HT and rrP3DDT films.  Pure PC61BM has absorption band in the wavelength 
of 200–550 nm.  UV-vis absorption spectra of pure rrP3BT, pure rrP3HT, and pure PC61BM 
are unchanged irrespective of thermal annealing for 60 min (Fig. 7.10 (b), (c), and (e)).  For 
pure rrP3DDT, vibronic progressions at ~550 nm and ~620 nm become clearer (Fig. 7.10 (d)).  
It was been reported that the vibronic progressions are caused by different π-conjugation length 
and the magnitude for inter-chain interactions [26, 27].  Energy gaps (Egs) for rrP3BT, rrP3HT, 
and rrP3DDT are estimated to be ~1.9 eV, and that for PC61BM is estimated to be ~2.2 eV using 
the absorption edges, respectively.  Ips for nonannealed rrP3BT, rrP3HT, and rrP3DDT are 
estimated to be ~4.8 eV, and that for nonannealed PC61BM is estimated to be ~6.1 eV using 
AC-3, respectively.  The Ips of rrP3ATs remain the same after annealing.  In contrast, the Ip 
of PC61BM slightly decreases to 6.0 eV after annealing.  From these results, the electron 
affinities (Eas) of rrP3ATs are estimated to be ~2.9 eV.  The Eas of the nonannealed and 
annealed PC61BM are also estimated to be ~3.9 eV and ~3.8 eV, respectively. 
Figure 7.11 shows the change of UV-vis absorption spectra of rrP3BT/PC61BM, 
rrP3HT/PC61BM, and rrP3DDT/PC61BM blend films by thermal annealing at 150 °C.  For 
rrP3BT/PC61BM system (Fig. 7.11 (a)), the absorption spectra in the wavelength of 400–700 nm, 
which originate from rrP3BT (Fig. 7.10 (b)), change by annealing for 5 min; the vibronic 
progression appear at ~550 nm and ~600 nm.  The absorption spectra remain the same up to 60 
min of annealing.  The absorption spectra in the wavelength of 200–400 nm, which originate 
from mainly PC61BM (Fig. 7.10 (e)), do not depend on the annealing time.  An amount of light 
absorption (wavelength range of 400–700 nm) in rrP3BT/PC61BM films increases up to ~15 % 
by annealing.  This is considered to be one of the reasons for improvement of the PCE by 
annealing.  For rrP3HT/PC61BM system (Fig. 7.11 (b)), the light absorption in the wavelength 
of 400–700 nm increase by 5 min of annealing and remains the same up to 60 min of annealing.
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Fig. 7.10.  (a) Normalized UV-vis absorption spectra of pure rrP3BT, rrP3HT, and 
rrP3DDT, PC61BM films with annealing at 150°C for 60 min.  Change of UV-vis 
absorption spectra for (b) pure rrP3BT, (c) rrP3HT, and (d) rrP3DDT, and (e) PC61BM films 







Fig. 7.11.  Change of UV-vis absorption spectra for (a) rrP3BT/PC61BM, (b) 
rrP3HT/PC61BM, and (c) rrP3DDT/PC61BM blend films with annealing at 150 °C.  The 






The increment of light absorption by annealing is ~48 % in this wavelength range, which 
contributes the improvement of the PCE.  The absorption of PC61BM in rrP3HT/PC61BM films 
in the wavelength of 200–400 nm decreases by annealing.  However, the decrease does not 
affect the PCE value, because sunlight under AM 1.5G has wavelength range of 300–3000 nm 
and emits the highest intensity at the wavelength range of 400–700 nm. That is, the contribution 
of the light absorption of PC61BM on PCE is small.  For rrP3DDT/PC61BM system (Fig. 7.11 
(c)), the change of absorption spectra show a similar trend to the rrP3HT/PCB61M system; the 
light absorption by rrP3DDT increases, and that by PC61BM decreases by 5 min of annealing.  
The intensities between 700 and 1000 nm do not originate from optical absorption but optical 
scattering, because rrP3DDT/PC61BM films become translucent by the annealing. 
7.3.5.  Hole mobilities of rrP3ATs 
To evaluate hole mobilities of rrP3ATs, we fabricated the hole only device consisting of 
ITO/PEDOT:PSS/rrP3AT/Al.  The hole mobility can be estimated by a space charge limited 







= ,                                                    (7.1) 
where J is current density, μ hole is hole mobility, E is the electric field, ε and ε0 are the relative 
dielectric constant and the permittivity of the free space, respectively, and L is the thickness of 
the organic layer.  Carrier mobility depends on the electric field.  The dependence of electric 
field on carrier mobility is expressed as [32, 33] 
)Eβexp(μμ 0=hole ,                                                 (7.2) 
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where μ0 is the zero-field mobility and β is the Poole-Frenkel factor.  From the combination of 
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– E  plots, which are 
governed by SCLC.  The fitted lines agree with the experimental data (Fig. 7.12).  The μ0 and 
β are given by the slope and intercept of fitted lines, respectively.  The relative dielectric 
constant ε is presumed to be 3 [34] and the permittivity of the free space ε0 is 8.85×10-14 C/cm.  
The field dependence of hole mobilities are obtained from the above fittings.  The calculated 
parameters of μ, μ0 and β are summarized in Table 7.4.  The hole mobility of rrP3BT is almost 
equal to that of rrP3HT (~10-4 cm2/Vs).  In contrast, the mobility of rrP3DDT is one order of 
magnitude lower than that of rrP3HT.  The β of rrP3BT, rrP3HT, rrP3DDT are estimated to be 
1.5–2.1×10-3.  The μ0 of rrP3BT and rrP3HT are close (4.1–4.2×10-5 cm2/Vs).  The μ0 of 
rrP3DDT is lower (8.1×10-5 cm2/Vs).  The results indicate that low hole mobility of rrP3DDT 
is another origin of the low PCEs in the rrP3DDT/PC61BM system. 
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Fig. 7.12.  Space-charge-limited currents for ITO/PEDOT:PSS/rrP3ATs/Al devices.  The 
solid lines are fitted by SCLC theory. 










7.4.  Conclusions 
The effect of alkyl side-chain lengths in rrP3AT on photoelectric conversion characteristics 
and on donor-acceptor structures was investigated.  For polymer BHJ solar cells in the 
rrP3BT/PC61BM system, the PCEs change in two stages.  The PCEs increase from 0.08 to 
0.32 % and from 0.33 to 0.91 % with 5 and 45 min of annealing, respectively.  From structural 
analyses, the increases of PCEs at 5 min and 45 min annealing for rrP3BT/PC61BM system can 
be explained by structure ordering of rrP3BT and by phase-separation on the order of several 
tens of nanometers, respectively.  Different from the two stage increase of PCEs for the 
rrP3BT/PC61BM system, the rrP3HT/PC61BM system provides only one stage increase (from 
0.38 to 2.18 % by 5 min of annealing).  The increase in the PCE for rrP3HT/PC61BM system 
can be explained also by simultaneous occurrences, which is structure ordering of rrP3HT and 
PC61BM and phase-separation.  The rrP3DDT/PC61BM system does not show any increase of 
PCEs; rather, decrease from 0.33 to 0.10 % by 5 min of annealing.  This result is probably 
caused by the decrease in interfacial areas.  From this study, it is found that the alkyl side-chain 
length significantly affects the donor-acceptor structures.  The phase-separated structures 
Table 7.4.  Zero field mobility, Poole-Frenkel factor, and hole mobility at 3.6 MV/cm of 
rrP3ATs. 
rrP3ATs μhole / cm2·V-1s-1 β μ0 / cm2·V-1s-1
rrP3BT 1.1×10-4 0.0017 4.1×10-5
rrP3HT 1.5×10-4 0.0021 4.2×10-5
rrP3DDT 2.0×10-5 0.0015 8.1×10-6
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between rrP3AT and PC61BM on the order of several tens of nanometers are crucial factors to 
determine the performance of polymer BHJ solar cells 
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This thesis described the analysis of local and aggregated structures of materials for organic 
semiconductors mainly by solid-state NMR in order to understand the performance of the 
devices.  The results and findings in the respective chapters are summarized as follows. 
In Chapter 2, the local structure of an electron-transport and light-emitting material, 
tris(8-hydroxyquinoline) aluminum(III) (Alq3), was analyzed by two-dimensional 27Al 
multi-quantum magic-angle spinning (MQMAS) NMR experiments.  Three crystalline Alq3
samples in α-, γ-, and δ-Alq3, and one melt-quenched amorphous sample (amorphous-Alq3) 
were used in this chapter.  From the MQMAS experiments, it is found that the γ- and δ-Alq3
with blue photoluminescence (PL) emission consist of the facial isomers with well-defined local 
structures.  In contrast, α- and amorphous-Alq3 with green PL emission are found to consist of 
the meridional isomers with disordered local structures.  It is also found that α-Alq3 has 
distinct two sites.  This is clearly different from the local structure of amorphous-Alq3
consisting of a disordered single site.  The difference has not been observed in standard 27Al 
one-dimensional MAS and 13C cross-polarization (CP)/MAS spectra.  These studies 
demonstrate the availability of MQMAS experiments to clarify the local structures of organic 
materials. 
In Chapter 3, organic light-emitting diodes (OLEDs) fabricated from three different types 
of Alq3, α-Alq3, δ-Alq3, and a mixture of α-, γ-, and δ-Alq3 (αγδ-Alq3), were characterized.  
The α-Alq3 and αγδ-Alq3 powder samples show green PL emission before device fabrications, 
and the δ-Alq3 powder sample exhibits blue PL emission before device fabrications.  For the 
αγδ-Alq3 powder sample, an energy transfer is found to occur from γ- and δ-Alq3 domains to 
α-Alq3 domains.  Different from these powder samples, PL emissions were almost 
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indistinguishable for vacuum-deposited films prepared by the three types of Alq3; all the 
maximum wavelengths are ~530 nm.  The results suggest that some facial isomers in γ- and 
δ-Alq3 become meridional isomers during Alq3 are in the vacuum-deposited process, and that 
the isomeric state of Alq3 in the vacuum-deposited films is predominantly the meridional state.  
Similarly with the PL emission, the electroluminescence (EL) spectra are also indistinguishable 
for the OLEDs fabricated from the three types of powder samples.  However, EL efficiency of 
OLEDs depends on the Alq3 crystalline polymorphs; the OLEDs fabricated from δ-Alq3 and that 
from αγδ-Alq3 demonstrated 1.1 and 1.4 times EL efficiency enhancements, respectively, 
compared with the case for α-Alq3. 
In Chapter 4, a sensitivity enhancement method in solid-state NMR is proposed.  
Solid-state NMR analysis for organic thin-film semiconductors is quite limited, although the 
analysis is considered to be useful to clarify the origin of device performance.  The main 
reason is the low sensitivity of solid-state NMR compared to other analytical methods.  To 
overcome this problem, a sensitivity enhancement method was investigated using paramagnetic 
relaxation.  Copper phthalocyanine (CuPc), a commonly used carrier-injection material in 
OLEDs, was used for the paramagnetic reagent.  Solid-state NMR experiments were carried 
out using CuPc/phenyldipyrenylphoshine oxide (POPy2) bilayer thin films.  POPy2 has good 
carrier transport property and has often been used for OLEDs.  By using CuPc layer, a 1.7 
times 31P CP/MAS signal enhancement is attained.  This enhancement is comparable to that by 
the increase of the static magnetic field of NMR from 600 to 800 MHz (the enhancement factor 
is 1.5). 
In Chapter 5, a formation condition of self-assembled monolayer (SAM) at indium-tin 
oxide (ITO) cathode/organic layer interface was investigated to improve the performance of 
OLEDs.  The SAM formation of pentyltriethoxysilane (PTES) under acidic conditions 
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provides homogeneous coverage of silane layers on ITO substrates, which results in the 
improvement of hole-injection property from the ITO electrodes.  This is in sharp contrast to 
the use of basic conditions, which results in inhomogeneous coverage of silane layers on ITO 
substrates and decrement of hole-injection property.  Hole-injection property also depends on 
the H2O/PTES ratios, r, and PTES concentration in a THF, CPTES.  The highest hole-injection 
was achieved when SAM formation was performed under r = 15 and CPTES = 250 mM, with 
0.01 M HNO3 as a catalyst.  The optimized SAM formation also improves the device 
performance of OLEDs. 
In Chapter 6, the improvement of power conversion efficiency (PCE) in organic solar cells 
(OSCs) with isothermal annealing at 150 ºC was investigated by phase-separation analysis of 
solid-state NMR.  Regioregular poly(3-hexylthiophene-2,5-diyl) (rrP3HT) and 
[6,6]-phenyl-C61-butyric acid methyl ester (PC61BM) were used as a donor and an acceptor, 
respectively.  The donor-acceptor structures on the order of several nanometers and that of 
several tens of nanometers, which are considered to be related to the photoelectric conversion 
process, were analyzed by 1H spin-lattice relaxation experiments in the rotating frame (T1ρH) and 
the laboratory frame (T1H) in solid-state NMR, respectively.  From T1ρH experiments, it is found 
that rrP3HT and PC61BM are already phase-separated in the nonannealed film and remain 
unmixed irrespective of annealing times.  From T1H experiments, it is found that the 
donor-acceptor structures change from mixed to phase-separated states with 5 min of annealing.  
The analysis in this study demonstrates that the thermal annealing induces a structural change, 
which results in the formation of effective percolated carrier paths.  The structural change 
contributes the improvement of PCE from 0.7 % to nearly 3 %. 
In Chapter 7, the effect of alkyl side-chain lengths in poly(3-alkylthiophene-2,5-diyl) 
(rrP3AT) on the donor-acceptor structure in rrP3AT/PC61BM system during thermal annealing at 
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150 ºC was investigated by wide-angle X-ray diffraction (WAXD) and solid-state NMR 
experiments.  As donors, three types of rrP3AT with different alkyl side-chain lengths were 
used: regioregular poly(3-butylthiophene-2,5-diyl) (rrP3BT), rrP3HT, and 
poly(3-dodecylthiophene-2,5-diyl) (rrP3DDT).  From WAXD experiments, it is found that 
structure ordering of PC61BM in rrP3BT/PC61BM system does not develop irrespective of 
annealing times, although ordering of rrP3BT occurs by annealing only for 5 min.  Different 
from the rrP3BT/PC61BM system, structure ordering of PC61BM as well as rrP3ATs occurs by 5 
min of annealing for both of rrP3HT/PC61BM and rrP3DDT/PC61BM systems.  From T1H
experiments in solid-state NMR, it is found that the phase-separations occur with 45 min and 5 
min of annealing for rrP3BT/PC61BM and rrP3HT/PC61BM systems, respectively.  For 
rrP3DDT/PC61BM system, the two constituents are already phase-separated in the nonannealed 
sample and remain unmixed irrespective of annealing times.  The results show that longer 
alkyl side-chain length promotes phase-separation between rrP3AT and PC61BM.  Reflecting 
the structural change, PCEs change.  For rrP3BT/PC61BM system, the PCEs change in two 
stages.  The PCEs increase from 0.08 to 0.32 % and from 0.33 to 0.91 % with 5 min and 45 
min of annealing, respectively.  From the structural analyses, the increases of PCEs at 5 min 
and 45 min annealing for rrP3BT/PC61BM system can be explained by structure ordering of
rrP3BT and by phase-separation on the order of several tens of nanometers, respectively.  
PCEs in rrP3HT/PC61BM system drastically increase from 0.38 to 2.18 % by 5 min of annealing.  
The increase in the PCE for rrP3HT/PC61BM system can be explained by simultaneous 
occurrences of structural ordering and phase-separation.  The performance of 
rrP3DDT/PC61BM system is low compared to the above two systems; the PCEs decrease from 
0.33 to 0.10 % with 5 min of annealing.  This result is probably caused by the decrease in 
interfacial areas.  The low carrier mobility of rrP3DDT is also the origin of the low PCEs in 
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the rrP3DDT/PC61BM system.  From this study, it is found that the alkyl side-chains 
significantly affect the donor-acceptor phase-separated structures, which result in the change of 
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